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I. INTRODUCTION 
The extent of the interconnection between power stations may be 
illustrated by the fact that about two-thirds of the total generating 
capacity of U.S.A., and perhaps even more impressive about one-quarter of 
the generating capacity of the entire world is operating in synchronism. 
Any disturbances in the system such as caused by switching of lines, 
addition of load, weakened transmission system capabilities, etc, which 
are frequently in any interconnected system, cause the system to oscillate. 
When the damping torque become negative, the oscillation (usually with a 
period of % - 3 seconds) will grow in magnitude until an out-of-step 
condition takes place, causing dynamic instability. 
The purpose of this dissertation is to study this problem in a certain 
existing inter-connected system (Hoover and Haynes at Los Angeles) by 
using matrix algebra and the digital computer to build a linearized model 
of the system in the form X = rA]X + Af. The stability of the system is 
assured, only if all the eigenvalues of the [A] matrix have negative real 
parts. 
It is to be noted that in this model the synchronous machine repre­
sentation included the amortesseur winding, armature resistance and the rate 
of change of the direct and quadrature axes flux linkages. The excitation 
systems together with its control by stabilizing signal in a most general 
form, and governor systems are represented in details. 
The effect of the excitation systems, governor, and system damping 
V nn the systerr. ctzbility arc investigaLad. 
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Excitation control by stabilizing signal taken from several locations 
in the system (locally or from the far end or from the network), together 
witli the proper transfer function have been investigated to satisfy the 
system stability from an overall performance view point, rather than one 
machine against an infinite bus. 
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II, REVIEW OF LITERATURE 
The survey of the literature can be classified into three major works; 
1. The field tests given by the utilities station to investigate 
their observations on the behavior of this problem. 
2. The mathematical analysis using the digital computer. 
3. Method of improving the dynamic stability. 
1. Many field tests have been established between the utility com­
panies to investigate that problem. Hanson et al, (25) in 1968 showed that 
oscillations have occurred between the interconnected utility systems of 
Saskatchewan, Manitoba, and Ontario (tests from 1956-1965), and such oscil­
lations have been reduced by adjustment of the excitation of speed control 
parameters on various groups of machines throughout the three interconnected 
systems. Shier and Blythe (54) made tests on a small hydro-electric 
station connected to the system of British Colombia Hydro and Power 
Authority Peace River system. His test confirmed the ability of using 
high-speed excitation with a stabilizing feedback in reducing the system 
oscillations. Special attention into the importance of the problem has 
been given since the massive outage in the Northeast on the night of 
November 9-10, 1965 (24). This caused new interest into the study and 
analysis of the system rather than unit against infinite bus. Recently 
Schulz and his associates (53) gave the result of two field tests on the 
Four Corners station of the Arizona Public Service Company which is located 
near Farmington, New Mexico. The first test demonstrated that oscillatory 
instability cciild be fcur.d vithin capablllLy llmlLa, ctud that 
careful modification of voltage regulator adjustments would extend the 
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stability limits significantly beyond the machine capability. The second 
set of tests was a pioneering venture into the application of supplementary 
stabilizing signals to a steam-driven single shaft generator. These test 
demonstrate that the application of a properly adjusted stabilizer will 
provide significant improvement of damping in operating conditions which 
would be otherwise poorly damped, 
2. The mathematical analysis and the digital computer are very 
useful tools in any stability studies. Park (44, 45) provided the basis 
of the study by establishing the direct and quadrature component representing 
the synchronous machine. Rankin (48, 49) provides a unique way on the 
per-unit notation by taking the normal quantities of the stator as basis 
and the rotor-circuit voltage equations can be expressed in terms of the 
stator basis. Recently the excitation systems representation have been 
established and its representation has been standardized (28) for system 
stability studies. 
Taylor (55) used the matrix analysis in the analysis of interconnected 
systems in both steady state and transient conditions. Miles (38) in 
1962 developed a general stability analysis for multi machine system's 
equation by analogue and digital means. He neglected many factors such 
as flux variation in the synchronous machines and the effect of the 
regulators and governors. Concordia (13), in 1964, discussed the modern 
concepts of power system stability such as effect of excitation systems 
and governors, means of stabilizing, damping ... etc. In 1966, he (14) 
provided some insight into the dynamic behavior of interconnected systems 
following disturbances by discussing the effect of: frequency drop, 
speed governor response, tie-line power swings, generator excitation, and 
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system damping. Olive (42) gave a program in 1965 capable Co handle a 
system of 500 machines, 1000 busses, and 1500 lines for study transient 
and steady state stability. Many factors such as saliency, saturation, 
machine and system damping, speed governor system and excitation system 
were considered by Lokay and Bolger (37) in their studies with a 660 mw 
turbine-generator set. A program which is suitable for analysis of both 
large and small disturbances on multi-machine systems is described by 
Prabhashanker and Janischewsyj (47). 
Recently many authors used the modern control theory to investigate 
the problems of dynamic interconnected power system stability. Ewart and 
DeMello (23) have written a program which incorporates both regulator and 
governor and used frequency analysis (Nyquist) to check the dynamic 
stability of an operating point of a given generator. VanNess (60) used 
the root locus approach, in investigating interconnected systems incor­
porating the governor and tie-line controller. 
Significant developments in control-system theory have extended the 
study of dynamical system behavior from the analysis of differential-
equation properties, as exhibited by single high-order equations, into the 
more general vector-space methods using sets of first-order equations. 
This approach (the state variable) is ideally suited to the representation 
of complicated multi-machine systems. Laughton (36) was the first one to 
use successfully this approach to represent a 30 mw generator including 
the regulator. The dynamic stability of the system was assured, only if 
all the eigenvalues of the A-matrix have a negative real part. This work 
has been extended by Mus il (40) to a large modern single shaft steam 
turbine driven (600 to 700 mw) incorporating its governor and excitation 
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system connected to an infinite bus through a typical long transmission 
line. 
Undrill (57) gave a new modeling of a single synchronous machine 
described by its flux linkages as state variables and in a subsequent 
paper (58) used this model to investigate the optimum values of governor 
and voltage regulator settings on both two-machine and one-machine systems. 
Recently he extended his model to study dynamic stability of interconnected 
systems (56) where the excitation systems are represented by a single time 
constant. The last paper published by Undrill (59) extended his work to the 
nonlinear dynamic response of the interconnected system including the 
effects of an arbitrary number of circuits on the rotors of the synchronous 
machines, but he did not represent the governor and the voltage regulator 
in detail. 
3. It has been known for almost forty years that high response 
excitation systems can improve transient stability and that a properly 
designed and established excitation systems can improve steady state 
stability. Concordia (15) established a theoretical approach based on 
Routh's criterion to show that dynamic stability limit of a synchronous 
machine can be increased by a properly designed, fast-acting excitation 
system.. Heffron and Phillips (26) investigated the possibility of operation 
in under-excited regions by the use of faster, rotating voltage regulator. 
Schleif, whose name is frequently encountered in the literature 
pertaining to this area, and his associates have used analog computer (51) 
to find the best auxiliary signal fed to the excitation system to improve 
the damping and the dynamic instability. They used a signal derived from 
the local frequency, using the phase advance of the first derivative to 
offset the inherent lags of the hydro unit in Grand Coulee power plant in 
Washington. This scheme is used to stabilize the initial interconnection 
across Utah and Arizona between the Northwest and Southwest power system. 
In another work (50) they show that the high-speed control of excitation 
to maintain constant terminal voltage actually hampers rather than aids 
damping. Further they show that damping and stability are greatly improved 
by supplementing excitation control with a specially derived function of 
frequency deviation. 
Dandeno (18) developed a device to provide a signal proportional to 
changes in generator speed. His field tests and computer program have 
confirmed that using this speed stabilizing signal in conjunction with a 
high-speed rectifier excitation systems increases generator stability 
limits. Buckley in a recent unpublished work (9) used the stabilizing 
signal proportional to the machine accelerating torque. DeMello and 
Concordia (19) developed the analysis insight into the effects of 
thyristor-type excitation systems and established understanding of the 
stabilizing requirements for a single machine connected to an infinite bus 
through external reactance. These stabilizing requirements include the 
voltage regulator gain parameters as well as the transfer function charac­
teristics for a machine speed derived signal superposed on the voltage 
regulator reference for providing damping of machine oscillations. 
In brief, then, there is consistent agreement in the literature that 
dynamic instability problems must be approached from an overall system 
basis. The parameters of synchronous machine control equipment in 
generating stations can have a considerable influence on overall system 
performance; they should not be adjusted purely for local requirements. 
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Excitation control and speed control elements must definitely be set to 
satisfy the system from an overall performance viewpoint. 
III. INITIAL CONDITION 
A. General Consideration 
The system under investigation is shown in Figure 1 with the result of 
load flow studies. Units 1, 2, 3, and 4 at Haynes are similar machines 
(assuming they are connected at the same node), therefore they can be 
represented by an equivalent machine from here on called 1, where its 
resistance and reactance parameters are obtained by treating them as if the 
corresponding resistances or reactances of the individual machines are 
connected in parallel. The equivalent inertia constant is the sum of the 
inertia constants of individual machines referred to a common basis. 
B. Per Unit of the System 
All the values are in per unit and the common base is 100 MVA. Only 
yjj u3qj pAô are in radian/second. The base generator voltage is defined 
as the rated voltage, and the base exciter output voltage is that voltage 
required to produce rated generator voltage on the air gap line. Also 
the reactive power Q is positive for the inductive load and negative for 
the capacitive loads unless stated in a certain equation. 
C. Initial Conditions 
It is necessary to find the initial values for all the variables 
prior to the disturbance of the system. Assuming we are given a certain 
operating unit the following steps are followed. 
1. Load flow studies 
AfrorHino t-r> t-hf» Hafa oivp-n fnr thp evsrem anH a eiven load at each 
bus, the power flow, voltage at each bus and its angle refer to the swinging 
1(1 
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1. 1.05 n.8 120 - 29.4 
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3 1.05 - 0.1 170 71.8 









Figure 1. Complete system 
machine usee in Reference (46). Following the same notation the reactive 
power used in the load flow is also positive for inductive power and negative 
for capacitive power. 
2. Representation of load 
Each load is represented by a constant shunt admittance given by 
(1) Y = ? - jq 
V2 
where Y = vector admittance value, line-to-neutral 
P = the active power in per-unit, 
Q = the reactive power in per-unit, and 
V = the voltage across the load,,per-unit 
3. Equivalent load at each bus 
The transmission line is represented by the nominal TT, where its 
capacitive susceptance is assumed lumped at its terminal or bus. Then 
the equivalent admittance Y^ at bus i due to the load connected, and B^ 










A digital computer program has been established to calculate the equivalent 
impedance. Table 1 shows the output of that program. 
4. System reduction 
All the nodes (buses) except nodes 1 and 20 are eliminated to reduce 
the network to that shown in Figures 3a and b. This reduction is calculated 
by the digital computer program (43) based on the Kron reduction from 
which the driving-point admittances (Y^^, ^ ^2) and the transfer admittance 
are known. 
At this point it is important to check steps 1-4. The power and 
reactive power at bus 1 and bus 20 in the equivalent network of Figure 3 
must be the same as in the actual network. Kimbark (33) gave the formulas 
to calculate those quantities using the equivalent network of Figure 3. 
Pj + jQj . VjYjj 4l ^1^20^1,2 lA 
- Yi + Y' (3) 








Figure 3. Equivalent network 
Table 1. The equivalent admittance and Impedance at each bus to the ground 
YE=ADH1TANCE Y=EQUIV. AOHITANCE TO LOAD ZE=IMPEO. TO GROUND 
BUS 5 0.0000 0.1140 0.0000 0.0000 0.0000 -8u772 
BUS 6 1.868 -0.5762 1.868 -0.6262 0.4888 0.1507 
BUS 7 1.525 -0.4590 1.525 -0.5050 0.6011 0.1809 
BUS 8 1.431 -0.4035 1.431 -0.4805 0.6472 0.1825 
BUS 9 1.064 -0.3041 1.064 -0.3511 0.8690 0.2485 
BUSIO 3.113 -1.013 3.113 -1.041 0.2904 0.9453E-01 
BUSH 0.0000 0.2600E-01 0.0000 0.0000 0.0000 —38.46 
BUS12 1.538 -0.5162 1.538 -0.5162 0.5843 0.1960 
BUS13 0.0000 0.1630 0.0000 0.0000 0.0000 -6.135 
8US14 0.0000 0.1630 0.0000 0.0000 0.0000 -6.135 
BUSIS 0.0000 0.1470 0.0000 0.0000 0.0000 -6.803 
BUS16 0.0000 1.053 0.0000 0.0000 0.0000 -0.9492 
BUS17 0.0000 1.170 0.0000 0.0000 0.0000 -0.8547 
BUS18 0.0000 0.5895 0.0000 0.0000 0.0000 — 1 .696 
^2 ^^2 ^2^22 2 1"2,1 Sgl - Y2 - Yl 
(4) 
where is the angle of the voltage of bus i measured from the swing 
machine used as reference. 
These quantities are calculated and compared with the actual value 
in the main program before further calculation. 
Table 2 gives typical output of the calculated values compared to the 
actual values. 

















- 0.87029 - 0.89200 
5. Initial condition of the machine quantities 
A synchronous machine can be represented in steady state by the vector 
diagram of Figure 4 from which the machine quantities can be written 
6' = 
V , = 
i X cos A - i r sin A 
arc tan ( ^ J. 
V + i r cos ^ + i^X sin 
t t t.q 
sin 6' 
(5) 
( 6 )  
V = V cos Ô ' 
q t 
K ! )  
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= ij. sin (6  '  +  0 )  (8 )  
iq = ij. cos (ô'+ 0) (9) 
where 5' is the angle between the terminal voltage of the synchronous machine, 
and its rotor quadrature-axis as shown in Figure 4. 
From the voltage Equations 23, 24, 26 and 27 at steady state condition 
6 = -v - ri (10) 
^q d d 
= v + ri (11) 
d q q 
q-AXiS 
d-AXiS 
Figure 4. Vector diagram representing machine in steady state 
Tiie.se quantities are calculated in the main program and from these 
quantities the active and reactive power are calculated by: 
P + jQ = VI* 
° + j^qX'cI -
" <Vci + Vq' ' <"> 
which must give the actual values as shown in Table 3. 
Table 3. The calculated values for the initial condition 
"d \ \ 
(1) 7.06588 0.58817 0.58259 0.87355 5.89951 3.88876 0.87403 
(2) 3.53225 0.16689 0.17442 1.03541 - 0.26819 3.52206 1.03666 
•q « Pc ''c P-f-
(1) - 0.58331 0.58817 6.83400 2.88800 0.92113 
(2) - 0.17432 0.38156 3.60000 - 0.89200 0.97065 
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D. Reference Frame 
The equations of each machine are generally written with respect 
to its own reference frame, which is generally different from one machine 
to the other in the system. Consequently it is necessary to perform 
axis transformation common to all the nodes. Undrill (56) considers the 
reference frame (D, Q) which rotates at the angular frequency of the 
network current. However Prabhashanker and Janischewsyj (47) suggests that 
the common reference frame may be chosen arbitrarily. Since the reference 
frame is very important in any system stability study more detail and verifi­
cation is considered in this work. The voltage of the machine v represented 
as a vector in Figure 5 which can be described with respect to any dif­
ferent reference axis or basis (d, q or D, Q) where: 
. Q 
cos 6^ - sin 6^ 
sin 5^ cos 5^ V 
(14) 
V - niv . 
n m 
(15) 
Thus T is a linear transformation with all its elements real. Hence 
rT]*" = Tt"! ^ (T is nonsingular) 
TTI [TJ = 1 
(16)  
(17) 
which is the necessary and sufficient condition for the matrix T to be 
orthogonal. 
~ A c»i«r»V* TT /111 a 1 r»r» 1 7 
is satisfied can be used. The importance of using the orthogonal matrix 
18 
Figure 5. Reference frame 
T is that the length of any vector remains invariant under this transfor­
mation and therefore the eigenvalues (which are used as a test of the 
system stability) will be invariant. 
For the purpose of verification, the common reference frame for the 
given system is used in three different cases as shown in Figure 6, and 
for the different cases the eigenvalues for the system are the same. 
Figure 6. Case 1 corresponding to the selected reference frame 
IV, SYNCHRONOUS MACHINES 
The dynamic behavior of synchronous machines is described in much 
literature (9, 40, 47). Anderson and Fouad's (4) description is used in 
this work. The assumption given by Olive (41) is used so that the equations 
will be suitable for the data given. This assumption implies that any 
transient change in the stator currents will be reflected initially in the 
damper windings and does not affect the field. This assumption appears 
to be valid, since the time constants of the two rotor coils in each axis 
differ by about a factor ten. Accordingly: 
XakjXfkd = (IS) 
Hence the following relations are valid 
X. - xj' = X^,(19) 
d d akd kdd 
' „ " ,Xakd Xaf, 
I T~^ 
kdd ff 
Xj - Xj = (x--- - X--) (20) 
x' 
(^Vd - x^> <21) 
kd ff 
The state variables represent the state of the machine as given by 
Undrill (56), and the model used is in the form: 
[X] = [A] X + f (22) 
where the forcing function f represents the field voltage v,.^, and the 
mechanical torque T^, which related to the system state variables through 
the excitation system and the mechanical system in Chapters V and VII 
respectively. 
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A. Equations of Synchronous Machines 
The synchronous machine is replaced by an equivalent set of fictitious 
coils in two perpendicular axes, the direct and the quadrature axes as 
given by Park (45). These equations are known as "two-axis" equations. 
The voltage equations and the flux linkage equations are: 
1. Voltage equations 
*'d ° ^ "dï - ^  - "d 
"f ÎE + 'fif (25) 
" ° ^ if *kd + "kd (26) 
° ^ 'kq + 'kq "kq ("> 
2. Flux linkage equations 
4d = - Xd id + Xaf if + Xakd ^kd <2*) 
Yq = - Xq iq + Xakq ^kq 
" - hf ^d + Xff if + Xfkd ikd (30) 
\d " *akd ^d *fkd ^f *kdd ^kd 
t = - X , i + X, i, (32) 
kq akq q Itqq kq 
22 
3. Klimin^linn of varLables 
Equations 28, 29, 30, 31 and 32 are five equations in five unknown 
currents. 
From equation 32 
^ [V ij (33) kq \ - kq akq q" 
cqq 
Eliminate i^ from Equation 28 and 30 to get i^, and similary 
eliminate i, from 29 and 32 to get i with the result 
kq q 
1. = - -TT- + -T7 if (34) 
q q 
where 
'' "kdd *akd "ff " *fkd "akd 
^ ^ ^kdd - x:kd 
x "  = x  
" " Xkqq 
kq kq X 
kqq 
Multiply equation 30 by and 31 by X^^ and subtract to eliminate 
id' 'kd Xakd ^fkd = ^bad ^ af) "^2 value of 
^d " ^d - ^af -
i f  =  i  —  ^ ( 3 6 )  
Xaf(Xd - Xd ) XfFfXd - Xj ) 
Klimin.ite i from Kquation 28 ;ind 30 to get the value of i 
23 
t - Vaf) + id<Vf f - %af)] <"> 
Equations 33, 34, 35, 36 and 37 express the values of the currents 
in terms of the flux linkages (state variables). Substitute by these 
equations into the voltage Equations 25, 26 and 27. Multiply Equation 30 
by and substitute by i^ from Equation 36 
^dO "d " "d ^d " ^ d 
Similary multiply Equation 31 by and substitute by i^^ 
from Equation 37 
• k d « d ' f  -  = < d ' ' d i  " 9 )  
^dO 
Also multiply Equation 32 by substitute by i^^ from 
Equation 33 
% = - + (Xq - %q') 
qO 
To complete the representation the torque equations and the speed 
equations are given by 
^ = 2H [T* + 'd'q - iq*d ' "S)'»] <''1) 
and 
1 : _ w 
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Equations 23, 24, 38, 39, 40, 41 and 42 are linearized around the operating 
point with the following results 
1 ' V 
= r Aij + AVj + Atq 6w 043) 
1 • ^d 
— Lii = V ài + Av - Aijf , - — Am (44) 
I I f 
'^kd] (45) 
TjO *d - *d *d - Xd 
= -ir [- + Ai^ - Xj Aij] (46) 
^dO 
A*kq = - [A*kq + (Xq " ^ q') ^ ^q] (4?) 
\o 
— A6 = — A^ (48) 
^0 '"O 
 ^A'J)2 = - KqAcu - (iq + ifq/Xj 
+ (id2 + td2/Xq2)A*q2 + (*q2/%d')A4kdl (4%) 
where 
Aij = - (50) 
Ai = - 1/x' 'All, + 1/x"a% (51) q q q q kq 
B. Equivalent Machine 1 (at Haynes) 
ft 11 
Since the open circuit subtransient time constant T^q> T^q = 0, and 
I 
the open circuit quadrature axis time constant = Û, therefore the 
equations corresponding to the case of the amortisseur windings are 
neglected. 
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The flux linkage equations; 
hi ' - + \f'f 
\ l  '  -  \ \  
*fl ' - Xaf'd + Xfflf (54) 
Voltage equations; 
— = V + ri + — ill (55) 
'JJq dt d d UJg q 
^ • "f - ff": <"> 
From the flux linkage Equations 52, 53 and 54 
iq ' - x; *q 
ff X,; - XjX;; X,; . XjX(^ 
substitute 
•r = % ("> 
and use Equations 18, 19 and 20 
X _ (X - x') 
*d 
ci u 
substitute in Equation 52 by Equation 60 to find the value of i^ 
26 
"d ''d 
Equations 58, 59 and 61 express the values of the currents in terms 
\f 
of the flux linkages (state variables). Multiply Equation 57 by 
*ff 
1 d , *af 1 r v - i 
substitute by from Equation 60 
I 
^ rvjj - -4 tf + Cj] (62) 
"dO d d 
Since the flux linkages are considered as the state of the system. Then 
the voltage Equations 55, 56 and 62 are in the proper form, where the 
current i and i, are expressed in terms of the state variables as in 
q d r 
Equations 58 and 61. The torque equation and the speed,equation complete 
the representation. These equations respectively are: 
!! - zà (Tm - - *0 K 
— 6 = — 1 (64) 
(Dq dt 
C. Linearized Form of Synchronous Machines 
Equations 55, 56, 62, 63 and 64 in the linearized form around given 
operating points are given by: 
27 
^ + "^1 '"dl + A*ql + A*! 
 ^«,1 ° %1 + "'l Aiql - '^ •dl - 1^ (GG) 
-. I ^d - ^d • ^d 
Aili = — [AVf - —T- Aiir. + ( ! ) Ai , (67) 
:dO^ ^d ^ "d 
— A6, = — Am-i (68) 
'^ 0  ^ "'o  ^
if 
^ ail - ^  f®n,l • '^Dl'^"l - «dl 
d 
'i'dl 
+ (iji + X ) % 
qi 1 
'Li _ 
+ -4" Air] (69) 
^d 
Aldi " - Vx^ A+Ji + Vxj atf^ (70) 
",1 " - '«q »q, <'» 
D. Equivalent Machine 2 (at Hoover) 
Since the transient and subtransient time constants of the quadrature 
f I I 
axis T , T =0, therefore, the amortisseur winding represented by its 
"o "u 
effect on direct axis only. 
Equations 43 - 51 are changed to: 
where 
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M JO - r Ai,-, + Av» 4—^ AUJ- (72) 
where 
UJQ2 -'d2 2" d2 " d2 "Yq2 ujg "~2 
1 ' V(i2 
*,2 • + '\2 - *d2 - -'"2 
- 1 Xj - Xj' Xj - Xj 
=— [AVgdz - y 7^ Û^f2 +7 7' -^^kd2^ (74) 
TdO *d - *4 Xj - *d 
%d2 " ^^d + - ^d^'d^ (75) 
^dO 
— Ac = — Auj (76) 
Xq (^0 
[AT^ - K^zAWg - (iq2 + *q2/*d2)A*d2 
•*• (^d2 ^d2/*q2)A*q2 
+ (*q2/Xd2)A*kd2] (77) 
"^kd ^kd(*akd/*kdd) 
A\d2 " " *42^ *d2 + "^kdZ^^d^ (78) 
Aiq2 = - 1/Xq2 A+q2' (7*) 
E. Expression of System Equations 
in Terms of State Variables 
The flux linkages of each synchronous are chosen as state variables 
as given by Undrill (56). Therefore the current and voltages in 
Kquations 65, 66, 72 and 73 must be related to the flux linkages. There­
fore the constraint imposed by the ir.insmission network on the performance 
of each synchronous machine will give the following relation. 
- LV;'3Miô (79.a 
Equations 70, 71, 78 and 79 are expressed in matrix form 
Ai = [Z]^ (80) 
M ^^fl' ^^kd2' ^^2^ 
rY^], [K], [Z] as in Appendix B. 
^ = [Yj'^[Z]^ - [YJ'^[K]^ . (81) 
Equations 65, 66, 72 and 73 can be written in matrix the matrix form 
1 
— Ai = Av + rR]Ai + [u]A'>ï + [w]Auj 
cDq m m - m m — 
where 
= {[YJ"^[Z] + [R][Z]} ^  
- [G^] AÔ + [U]Ail!^ + [Wj Au3 
^ - [yJ"^[K]M + [U]Ai^ + [w]_^ (82) 
= [AI] (83) 
[B]] = [Yj"^[Z] + [R][Z] and 
r - i  r  —  
LU. J = Li^J LM ana 
i. m 
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[Rj, [U], [W] as in Appendix B. 
[A^]' is formed as shown in Figure 7. 
Hence the synchronous machine Equations 65, 66, 72 and 73 can be put in 
a matrix form as shown in Figure 7. 
The representation in Equation 79-a implies a steady-state condition 
at rated frequency, i.e. the load is constant impedance or admittance. 
This assumption is justified, since during the transient the frequency 
of the system does not deviate appreciably from the rated frequency. How­
ever, it is important to simulate the load to include its variation with 
the frequency and voltage. Such simulation meets great difficulties because, 
first, the load is composed of many components which cannot be represented 
individually, since this would enormously increase the computation 
complexity; and second, data on the composite loads, even if available, 
are often not realiable. This point is left open for future study. 
Hence the synchronous machine's Equations 67 - 69, 74 - 77 and Figure 7 
are in the form in state space representation 
X = [A] X + Af 
is shown in Figure 8, where the driving functions are represented by the 
change in excitation voltage and the change in the mechanical torque 
AT^. These quantities will be related to the system states by the exci­
tation system and the mechanical systems respectively, as illustrated 








Bl(9)+1 Bl(13) Bl(l7) 
Bl(lO) B1(14) Bl(18) 
Bl(ll) BI<15) #1(19) 
B1(12) B1(16)-1 Bl{20) 
[Bi]fq [u]^ 
[Al]Aj 
gure 7. Equations 65, 66, 72 and 73 in matrix form 
A'qZ A*f2 A6j^ Au: J 
Bl(21) 0 
-«1 
-S •ql^-^o 0 ^'dl 
Bl(22) 0 
-®2 -«6 0 A7fi 
Bl(23)+i c 
-^3 -^7 0 •,2'"o A*ql 
Bl(24) 0 
-«4 -«8 0 ••d2^V A*d2 














Hachlnc I Nachin 
I :  i  - S 6 7 8 
*1(1) A l ( 9 )  A i d )  *1(2») AJ(3>) AU13) Al(3n Al(17) 




Z J  
*1(3) *1(11) *1(7) *1(31) *1(3*) *1(15) *1(23) *1(1») 









A 1 ( J . >  •  j i l  
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"5,1 7i ",1 * 
*5.1 " 21 "dl •* 
"5.3 
•U.6 - <',2 '  V»Ï2' 






'd " 'd  ^ I 
(85) 
- A, it + if 
Figure 8. Equations 67, 68, 69, 74, 75, 76, 77 and Figure 7 in matrix form 
33 
V. EXCITATION SYSTEM 
A. State Space Representation 
The excitation system under study is the type 1 system as recommended 
by an IEEE report (28). The block diagram is shown in Figure 9. 
Following Anderson and Fouad (4) the state space representation of 
the system can be given by the following matrix: 
"*12' 1 0 ("l - *1^0) '^12' 
*13 - ^2 0 1 (^2 - *2^0) ^3 
*14 - "3 0 0 ('3 - *3^0) ^14 














1 0 0 
1 0 
"2 "l 1 
+ 














b. V 0 
_ e _ 
where is the output of the regulator block diagram and represents a 
new state space 
*15 = AV,' 
For the special case where b^ = b^ = 0 
AVt 1 





I + ST. 
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NETWORK EQUIVAlfNT 




Kj • ST 
J—•vw -nnnn 1 
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&V. 
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(HOOVE* EQUrVAUNT) HAYNES EOUfVAifNT) 
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0 0 0 0 ' 
"l3 ^2 
1 0 0 Vf 0 
\4 ^3 1 
0 
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'^ E + 
Vei^FI 














a 0 0 
is very small and can 
Equation 88 reduces to 
•"12" 
"0-




6V. = - 6V; + AVg . (90) 
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Again all the calculations must be in per-unit and one per-unit exciter 
voltage is that voltage required to produce rated generated voltage on the 
generator air-gap line and thus it is numerically equal to 
B. Terminal Voltage as a Function of 
System State Variables 
The change in terminal voltage Av^, and the stabilizing signal 
in Equation 87 or Equation 90 must be related to the system state variables. 
The relation between the stabilizing signal and che state variables is 
discussed in detail in the next chapter. The terminal voltage related 
to the system state space as follows: 







AV^ = [CV2] AV^ (91) 
where AV related to the system state variable by Equation 81; 
m 








*^1 ^5 ^9 ^13 ^17 ^21 ^25 ^29 
^2 S ^10 ^14 ^18 ^22 ^ 2 6  ^30 
^3 ^7 ^11 ^15 ^19 ^23 ^27 ^31 










= [CV1]AQ^. (92) 
Hence the terminal voltage as function of the system state space is 


















and tVg. related to system state space will depend on the location from 
which this signal will be taken as in the next chapter. 
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For the purpose of study, type 1 will be used also for station 2 
(Hoover) as result another four-state space will be added to the system 
equations namely (X^^, X^g, X ). 
Since the routine of calculating the eigenvalue of the matrix 
is limited to a matrix of size 30 X 30, therefore to save the space the 
excitation system representation given by Equation 89 is used. 
's'J 
VI. STABILIZING SIGNAL 
Since we are Looking for best stabilizing signal based on the system 
stability the signal derived is in the general form and used in the 
general form so that different signals can be used for the study without 
affecting the program. 
A. The General Form of Signal 
The general form of signal is; 
1. A signal from the terminal network,near the synchronous machine, 
2. A signal from the other terminal of the network, 
3. From the machine terminal frequency through a certain transfer 
function, 
4. Or any combination, 
as shown in Figure 10 for the case of the stabilizing signal for the 
voltage regulator of system 1 (Haynes). 






K 22 Ggfs) 
(94) 
To find the relation between AV^, AV^g as state variable of Figure 11 
iabc + LL] I.L, + V 
abc abc abc 
(95) 
multiply Equation 95 by Park's transformation P 
TPIv . = fpiFRirT , 1 4- rPir7.11 rni,, 
' aoc " ~ ^ aoc" - -- - , 'j'aoc 
HOOVE* 






A'z AV,8 AV; 
HAYNES 
DIFFERENT KIND OF 
AUXILIARY SIGNALS AVj 
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o 
Figure 11. The relation between the machine terminal voltage and the 
network terminal voltage 
V ,. = rp][R][p]-' i j q o  + [p][ycp"'i,„„] + i 
—dqO -dqO —dqO 
(96) 
- 1 * 
Note that the term [L][p][P IS neglected since will add more 
state space to the system which is not available for the time being. 
Substitute by [P][P as given by Anderson (3) 
V , R i , ~0 -1 0~ i , 'v, ~ 
d d d d 
V — R i + (juL 1 0 0 i + V q q q q 
V. R 0 0 0 i^  
_ 0_ u 0_ - o_ o_ 
V, V, 
V 
R . - (juL 
ojL R 1 
L q J 
(97) 
express Kquation 97 for the two machine system in incremental form is 
given by: 
42 
' ^ ^ d 5  "  
1 1 




























Substitute in Equation 18 
1 
.-^18_ 
"i "2 psv 
^3 ^6J 






















"3 - + (Vqs/V;)*! 
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'S 
*^7 (^dig/V^g) «2 + (Vqig/Vig) Xg 
^8 " (^qlg/^is) ^ 2 " (^dlg/^lg) ^ 2 
Vd5' Vq5' Vjig, Vqig *: given from Equation 97. 
Then Equation 100 can be written in the form 
[AV^] = [DV] AV^ + [DI] AI^, (101) 
where AV , AI as given in Chapter V 
—m —m 
[z] M - M-
^ = [z] AS . 
Substitute in Equation 100 
[AVJ =[[DV][YJ'^[Z] + [DI][Z]}_^ 
- [DV][YJ"^[K] m (102) 
= [Bg] M - [Bg] M 
= [B^] (103) 
where AQj. represents the state variables shown in Equation 104. Equation 
103 for the system shown in Figure 10, the change in terminal network 
voltages at each end and AV in function of the system state variables 
D lo 




r- 2 X 6 2 X 2 
- ^3 
A^ 'dl 
[AV^] = [B^j AQ^ 







[B,J = [DVj[Yj"^[K] 






The elements of the matrices [B^j and [B^] are obtained from Equation 102. 
B. Transfer Function of One Time Constant 
Figure 12 shows a simple transfer function for the speed signal. 
Therefore a new vector space (from Figure 12) is added to the 
system. 
^27 ' ^1*27 •*" 
(105) 
where 
^^Sl ^1^^27 ^27^ 
- G^r (a - ^)^27 
" V27 ^1^1 
Gci = Gi(a _ b) 
= l/T] 
(106) 
^2 ~ 1/^2 • 
s + 1/T 
G 
1 S + l/Tg -
Use the iterative programming 
Figure 12. Transfer function with single time constant 
AV 
aX X + aX 
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Similarly for station 2 
where 
Se^28 ^2^2 
^27 " ^1^27 ^5 




Hence the stabilizing signal in the general form can be written in matrix 
notation 
"^ S^l ' 
1 1 1 
+ 
5s2 _ L^2 J ^isj 
^1 ^11 Si 





Substitute from Equation 104 for and in Equation 110 
iV, SI 
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\a) B^(3) #4(5) 8^(7) 8^(9) B^dl) 8^(13) B^CIS) 








= 1 °E1 
'2 




Figure 13. Stabilizing signal in terms of system state variables 
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Substitute back by AV in the excitation system Equation 87. 
+ AVg (assume = const.) 
- [SVT] ÙQ + AVg (the elements of the matrix SVT are 
Si, S2 ... S16 as shown in Figure 14), 
(113) 
The elements of the system A-matrix corresponding to the represen­
tation of the stabilizing signal shown in Figure 14 are: 
'l5,l 377T^^ ^19,1 377T^2 ^^2 " 
*15,2 377T (^5 " ^ 1^4(6)) *19,2 377T (^6 " ^284(5)) 
^15,3 377T^^ (^3 " *^84(4)) 19 ,3 = 377ÏÂ; (=4 - *284(3)) 
(S^T - K1B,(14)) A 
15,4 377T^^ '13 "4 19,4 377Tj^2 *^14 " ^ ^^(l^)) 
^15,5 377 ^1 
= -J_ 
15,6 377T%^ ' 7 
(S^ - K1B(8)) 
*19,5 " *22/377 
*19,6 3771^2 ^^8 ' *28(7)) 
^5,7 377T^^ (^11 " ^184(12)) 19,7 377T%2 12 (SI, - K2B(11)) 
(So - K1B,(10)) 
15,8 377T^^ '9 4' *19,8 3771^2 (^10 " *^84(9)) 
*15,9 = 0 *19,9 = 0 
^15,10 377T^^ (^15 " ^^'^4(^6)) 19 ,10 377 (^16 " K2B^(15)) 
*15,11 ' "^11/^77 *19,11 = - G2/377' 





1  3 2 6 8  7  4  1 0  5  1 1  
~iaB(2) iaB(4) K1B(6) K1B(8) KIB(IO) K1B{12) K1B(14) K1B(16) _ _ 
- SI - S3 - S5 - S7 - S9 - SU - 313 - S15 1 *11 
K2B(1) K2B{3) K2B(5) IQB(7) K2a(9) K2B(11) 
- S2 . S4 - 36 - S8 - S10 - 312 
K2B(13) K2B(15) 








*3 " ^Vd2 









Figure 14, The error voltage fed to the regulator for excitation systems 
in terms of the system state variables 
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^27 • ^1*27 ^5 
^28 " ^ 2*28 *11 
*15,27 " *19,28 " ^ 2 
*27,5 " ^  *28,11 " 1 
*27,27 ^1 *28,28 ^2 ' 
Then the excitation systems (one of which is shown in Equation 87) and 
the stabilizing signal in the form: 
L'si = + '^ ll'""2 + <=1^ 1 + V 2 1  (114) 
AVsz - VS + "22"»! + =2'^ "'2 + V28 (115) 
are represented by Equation 116 Figure 15. 
This is a convenient way of representation since the choice of the 
auxiliary signal can be selected by the values of the constants K^, K^, 
^11' *22' Si' S2' ^1' ^2* 
1. No auxiliary signal, i.e. , AVg = 0 corresponding to 
*1 = *2 = ^11 " *^22 = Si = S2 = = Bg = 0. 
2. A signal from the network corresponding to 
•^11 " ^ 22 + Si " S2 = = b^ = 0. 
and has a value which can be optimized according to the 
system stability limit. 




, ^5 ' . ; 0 • *IS.J *15.3 *15.4 *15,5 *15,6 *15.e *15.» *'5.10 45.11 
. S6 - «1 '  
; 4 : i • *2 . .3 ; 
i *1» . h ' 
L 0 - i /i .  *n,l S».3 *19.4 *1».5 *H.6 *1».» *!»,« *1».» *H.10 S,.,i 















( 1 1 6 )  
O 
Figure 15. The excitation systems representation together with the stabilizing 
signal through a simple time constant transfer function in terras 
of the system state variables 
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3. A signal proportional to machine frequency corresponding to 
*1 = *2 = Si = ^ 2 = = b, = 0. 
^11' ^ 22 ^ value optimized as in the above. 
4. A signal from the frequency of machine terminal through a transfer 
function corresponding to 
*1 = *2 = ^ 11 = *22 = 0 
Ggi, Gp2, b^, b^ has a value. 
Generally higher order transfer functions are required and to save 
the space, the excitation system representation given by Equation 89 is 
used in the analysis. 
C. Using Transfer Function of Two Time Constants 
1 + T S 1 + T^S 
= =1 <TTljs'<TTT^> (117) 
where G^ is constant and negative for negative feedback. The block diagram 
is shown in Figure 16, and the state space diagram is shown in Figure 17. 
u G^(l + T^S 1 + TjiS ^2 
1 + TgS 1 + T22S 
Figure 16. Transfer function with two constants 
1 + T S T + 1/S 
G, , . _ „ = G, 
1 1 + T^S 1 T^ + 1/S 
= G^. Eg (T^ + 1/S) (118) 
E.. = 
S + 1/S 
Figure 17. State space diagram of the transfer function 
(1 + TJ3)(1 + T,,S) 
G(S) = G 
(1 + T S)(l + T S) 
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Am 
lAj / V Ot 25 1^>— t 
lA-








" ^lt''^l*25 *25^ 
• *25) "*" *25] 
- G^Cd-Tj/T^) X25 + T^/Tj Am] 
AUi - G^d - Tj/Tj) X25 + G^T^/T^ Aw] 
A^l " ®E*25 Aw 
Ge - (1 - T/T2)G^ 
S -
*26 • T~ ~ ^ 22 
1 
1 T,, 26 
• T^ V25 + Y"" - *26^ 
- ^  
26 T22 
ûci) m. " X 26 
^22 ^22 
AV, 





G„ Au) • — 










U = Eg(T, + I/S) 
- h h  *  \  "  '/s 
^2%% = " - '-s =< i 
's - i; <" - Cs ' i» (119) 
Y = G^EgCr^ + 1/S) (120) 
Hence the excitation system for station one (Haynes) which represented 
by Equation 89, and the stabilizing signal through the transfer function 
of two time constants analyzed in Figure 17 are shown in Figure 18. 
From which the elements of the system A-matrix are: 
»2 Til S , 
13,5 T22 377 *14,5 ^77 
^ "11 "E , '3!ii!E_ 
13.25 T22 377 *14,25 377 
b2(l - T11/T22) . ^3^^ " ^11^^22) 
13.26 377 14,26 377 
25,5 X 377 
A 1 
25,25 X 377 
26,5 T22 X 377 
= + 




•l ^ ° 
•2 ° ' 





- a^/377 1/377 0 
''s 
"12 0 
b liic 2 T22 °T/377 
- .2/377 0 1/377 ^2 S/377 *13 "2 
•^11 
•"3 TJ,2 °T/377 - .3/377 0 0 
b — G 
^2 T22 E/377 *14 "3 
1 1 
• Tj 377 *25 
c, 1 2s _L_ _L_ _L_ 
T22 377 
' "^22 *26 
'^ 1 
Figure :.8. State space representation of the excitation system of unit 1 and a speed stabilizing 
signal through a transfer function of two time constants in the form: 
G^(l + T^S)(1 + T^jS) 
" 0" + TgS) (1 + TggS) 
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Following the same analysis used in station one for station two 
(Hoover) to represent its excitation system and the stabilizing signal 
as shown in Figure 19. From which the elements of the system A-matrix 
are; 
^2*^11 ^s'^ll 
*16,11 ~ " 377T22 *17,11 " " 377 T22 ^  
A - G A - G 
16.27 " 377 T22 E *17,27 " 377 Tgg E 
_ W , ^3(1 - T11/T22) 
16.28 377 17,28 377 




28,11 377 T22 
G,: 
X 
28,27 T22 X 377 
28,28 T22 X 377 
D. Using Transfer Function of 
Three Time Constants 
(1 + T S)(l + T,,S)(1 + T,-,S) 
C = C J-i.i-
1 1 (1 + T2S)(1 + T22S)(1 + T222S) 
X - « , 1 0  
15 1 
*16 - - #2 0 1 
X,, - a ,  0 0 
_ 17_ 3 
0 0 
*16 + ^2 - «>2 











































Figure 19. State space representation of the excitation system for unit 2 and a speed stabilizing 
signal through a transfer function of two time constants in the form 
G^(l + T^S)(1 + T^^S) 
" (1 + T^SXl + TggS) ^ 2 
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(1 + T S)(l + T S)(l + T S) 
G (S) = G. i ( 1 2 1 )  
(1 + + T222S) 
where is constant and negative for negative feedback. The analysis for 
the stabilizing signal through the transfer function is illustrated by Figure 
20 and its representation with the stabilizing signal are shown in Figure 21. 
The change in the elements of the A-matrix due to the excitation 
control of unit 1 is as follows: 
^  7iii. , = ^  111 p zIiHx 
*13,5 377 T22 (T222 14,5 377 T 
= ^  111 r /Zlll\ A = ^  111 r fllll\ 
13.25 377 T22 E <1222 14,25 377 Tg^ E 
, =%i_Ill)Illl , 111)1111 
13.26 377I" T22^ T222 14,26 377^' T,, Tg,, 
*13.7-^(1-5' 44.27- % 
A .1 A .J—(Zll . G ) J_ 
25,5 T^ 377 27,5 T222 Tg? 377 
A = - A =r- G ') —— 
25,25 T2 377 27,25 gg R 377 
_ S ^ 1 _ ^11 1 
*26,5 - T22 377 ^222 " ^22 
26,25 T22 377 
1 ^ 1 1_ 
*26,26 - T22 377 *27,27 " T222 377 
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RIANSRTI FUNCTION WITH THMI TMC CONSTANTS O 9) • O MT,5' 
lA, 
• TjS' 1»TJ/ 
in 
Y 1 A 1 , 
*25 - T; ?; *25 *26 • 4 • 4 
A't • "e *25 * S '»• 
22 22 22 
^11 ^11 
'"Sj • =T '• * <=1 *25 
(1 - Tjj/Tjj) Xgg 
*27 . *27 
^ ÛU) + ^  Gg Xgg + (1 - Xgg - Xg,] 
" *27 ^111 *27 
(Ilii • ^  0,) ^  . (Jlii ^  =,) x„ . ^ (1 - ^ , x„ . (I - V> , 
'222 22 T222 T22 E 25 T 222 '22 *222 
27 
Figure 20. State space representation of the excitation system for unit 1 
and a speed stabilizing signal through a transfer function of 
three time constants in the form 
AV 
(1 + T^S)(1 + T^^S)(1 + 







•»i; • * , 1 0  \r "o" 0 





. 3 • ». L*14> 
- 377 1/Ï77 
J77 I 22 *222 
./J77 0 
j!i lu c (liii 
377 T„ S 4jjj - •J'ïT7 0 
11 
î" et 22 222 
t, 377 Ij - 377 
S 
I 22 377 
_lIU !Î-
7221 :22 • 
State space diagram of the transfer function 
G(S) = 
G^(l + T^S)(1 + T^^S)(1 + 
(1 + T2S)(1 + TggS)(1 + TgggS) 
3" T 222 





'222 " • 
-1/1 J. 222 377 
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Following the same analysis used in station one for station two 
(Hoover) to represent its excitation system and the stabilizing signal 
through the transfer function of three time constants as shown in Figure 22, 
The change in the elements of the system A-matrix are as follows: 
A  ^ill 7lllv . _ ^3 "^11 /ill 
16,11 ' 377 T22 17,11 377 
A = ^  111 G A = lii G 
16.28 377 T22 E T222 17,28 377 
A - hl^ liii A = ^  n hii 
16.29 ~ 377^ I?'?* 377 
A = n Ziii\ 
16.30 377 " T222 17,30 377 
1 1 '^11 1 
^28,11 " Tg X 377 *30,11 " ' V ^ 377 
1 1 ^11 1 
*28,28 " • X 377 *30,28 " ^ 377 
^ 1 '^11 1 
*29,11 ~ T22 X 377 *30,29 " ^ 377 
. _ S A = 1 1 
29,28 T22 X 377 *30,30 " T222 377 






- '1 0 ^5 0 """ 
*1» - - 0 1 *16 
•f 
^2 ^ ^ - "2 
• '3 0 0 *17 "3 
- — 
'22 ' 2 2 2  








*222 ' 2 2 2  
377 (1 - ^ ) 
*222 
3?7 ^ 422 " 
"3 ' 3^a 
' 2 2 2  
f 377 
377 377 
i —i li c 














Figure 22. State space representation of the excitation system for unit 2 and a speed stabilizing 
signal through a transfer function of three time constants in the form 
(1 + T^S)(1 + T^^S)(1 + 
= (1 + T^SXl + T22S)(1 + T222S) ^ 2 
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VII, THE MECHANICAL SYSTEM 
The governor system representation for hydraulic and steam turbine 
is shown in Figure 23 as given by Los Angeles Water and Power Company (62), 
which has four time delays for the hydraulic unit and three time delays 
I • 
for the steam unit. For consistent per-unit the value for K^9 represents 
the mechanical torque in per-unit cycle/second must be multiplied by 
2TT 
to be in per-unit/rad/second. The transfer function of the governor system 
can be analyzed by iterative programming as shown in Figures 24 and 25. 
^20 " " T^ ^ 20 ^^1 (122) 
T 
° ^^20 + ^20* (123) 
where 
AU^ = K^A0 As cycle/second 
t  
= -^ A6 A0 rad/second 
I 
K  
= 25 ""l • 
A. Steam System Dynamic 
The mechanical representation by iterative programming for the steam 
dynamics is shown in Figure 26. 
*21 = • ^  *21 + (124) 
= - i; *21 + - >^'1 d") 
K'@ 
mo 
mue 1 + FT5S 
t + TgS - % 
% 
Tj^ • Control time 
Tg " Hydro reset time, zero if steam unit 
P » Initial mechanical torque (mW) 
= Servo time constant or hydro gate time constant 
= Steam valve bowl time constant, zero if hydro unit 
Tj = 1/2 Hydro water hammer-time constant, or steam reheat time constant 
F = - 2 for hydro, or high pressure turbine capacity 
= Machine electrical output 
P = Maximum power output of machine (mW) 
max 
5 = Quadrature axio velocity (cyclea/sec) 
= ^ ^(^^^^n^Capacityy^y^ Base, f = 60 cps, R = steady-state droop 2" 57. 
Kj = X HVA Base 
Figure 23. Governor loop (tandem representation) 
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AUX. SIGNAL 
REF \ r 
1 + T2S 
+ 
- (  












Figure 26, Mechanical system representation in state space 
6 7 
T T 
 ^''21 - *20 - '"-'i + 
T ' 
T^ ^ 21 " -eq^20 " T^ /^tu^ + AP, mo (126) 
1 
^22 ~ " T7 ^ 22 ^21 
4 
(127) 
X23 - Xg] •*• ^22 (128) 
^ml ^^*23 FT^ *23) 
T^ ^ 23 ^22 *23^ 
1 - F, 
ffml = F1X22 + tlv :)X 23 (129) 
or in matrix form 
20 21 22 
^20 - 1/T^ 
^21 - Teq - I/T3 
^22 
1 - 1/T, 
4 
33. 1 - l/Tg 















The same analysis is used for the hydraulic system as was used with 
the steam system with the following result. 
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24 - *24 + 
- *24 Is -'»2 (131) 
2 5 " ^  *25 - Teq*24 " '^"l + ^ ^.2 
T ' 
' *25 - ^eq*24 " If *^2 + «'mo (132) 
2 6  ^26 •*• *25 
1 - F. 
LP 













- 1/T, 0 
- Teq - I/T3 
26 
0 
1 - l/T; 
Aw. 
K /2rT 








The state space representation for the mechanical system at stations 
1 and 2 is shown in Equation 136, Figure 27. 







•q - l/T, 
- l/T, 






*q - l/T, 
X^/2n-
- iqi^ /Zrrr^ . 
K^/2n 
- l/T 5 
Unit 2 
1 












Figure 27. The mechanical system representation in matrix form 
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VIII. FORMULATION OF THE A-MATRIX FOR THE SYSTEM 
The state space representation of a synchronous machine is given in 
Chapter IV where the deriving function is Av^^, Those quantities 
are related to the system state variable through the formulation of state 
variables of the excitation system and mechanical system given in 
Chapters V and VI respectively, i.e. 
^^fdl " ^12 (^37) 
= Xi6 <"8) 
''"ml = hhz + <"9) 
> .^2 ' hhi + X26- (140) 
Therefore from Chapters IV, V and VI the elements of the A-matrix 
are shown in Figure 28. The digital computer is used for its formulation 
as shown in the flow chart in Figure 29. 
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i:(5^  à:f2»> Ai'.j*» Air.J' 
lit*: 41<J0) A1<M) Aid*) 
iii 
















Al(«0^  A!(lk) 
V* 
' *11.4 
ii<u) Aiai) *1(35) 
&!(:«) Aiao) âi(M) Ai(M) 
•Yi '''Scî 
' S.f 
\1.7 1 , ' 
Ilâi-
*1*2 *1>,J *M.* *19.) *!».• 
C^ /^2Tt 
- *^ (l) I 
• *j(l) i »j(l) 
- a,(I) k,(l> 
1*13,1 *15.1 *15,1 *15.4 S *15.* *15,7 *15,1 *15,10 *I5,U 
' *j(l> I 
- «jo) 
• a,(2) 







Figure 28, The A-matrix of the system 
inCerconnectod system in state variaoles in the fom of X = A]X + Al. 
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- »^a> I 
- «J<2) I M(2> 
• êjcs) b3(2) 
^1.» 
'i.n^ (2) 0 0 
-t^ 'l/tjq) c 























I VOLTAGE, REGULAR. 
V GOVERNOR CONSTANTS 
STOf MW - MWo 
[MWL - MWLJ 
COMPUTE 
EQUIV. MIC. CONSTANTS 
COMPUTE, I, MW, MWL 
USING Y„, Y,„ Y„. " 
COMPUTE ..MW, MWL 
COMPUTE 
All THE INITIAL CONDITIONS 
SYSTEM REDUCTION 
TO CALCULATE Y,,, 
SUB C 
sut A 
LOAD FLOW STUDY TO DETERMINE 
lUS VOLTAGES, MWo, MWLo, y 
sut I 
EQUIV. ADMIT Y TO THE LOAD, 
EQUIV. ADMIT Yp AT EACH lUS 
figure 6?# r XÛW CÛâlL i^Oi. CiiC wx uca uii»-
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|MW - MWo 
YÎS^  
STOf 






HJILD THE SYSTEM 
[A] 
COMPUTE, KEF. FIAME 
SELECT THE AUX. SIGNAL 
AND ASSUME VALUES FOI 
ITS CONSTANT 
COMPUTE THE EXCITATION 
SYSHM AND MECHANICAL 
SYS CONSTANTS 
SUI D 
BUILD [1], [21. ni. tn 
SUI G 
ULATION KTWEEN 
AV. AND STATE VAIIAUS 
SUI E 
COMPUTE, KLATION KTWEEN 
AV.. àV. AND STATE VAUIAUI 
Figure 29 (Continued) 
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IX. EFFECT OF SYSTEM DAMPING, GOVERNOR, 
AND EXCITATION SYSTEM ON DYNAMIC STABILITY 
The incremental model describing the motion of the system for small 
disturbances is represented by using matrix algebra and the digital computer. 
The representation is formed in such a way as to allow system investigation 
with and without the damping signal, and to investigate the system under the 
normal operating point which represents the actual situation while the aux­
iliary signal feeding to the voltage regulator is not considered. Also the 
harmful dynamic effects of voltage regulator and governor are investigated. 
The operating point at which station 2 (Hoover) operates with leading 
power factor has the following data in per-unit taken from the digital com­
puter output, as in Figure 30. The elements of the equivalent network are the 
BUS 20 
Q = - 0.8920 
(Hoover) 
V = 1.05 
f = 9.56193 
V. = 0.17442 
V^= 1.03541 
p.f.= 0.97065 




P = 6.834 








p. f .=  0.92113 
r i - ^ U l C  J . l i C  X i i J . U J . C l X  V A X U C  L V J L  u i i C  U W  
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admittances in per-unit corresponding to the total load taken from buses 6, 
7, 8, 9, 10 and 12 (shown in Figure 1) 
= 10.24 - i 3.42 per-unit. 
A. Stability of the System Without Mechanical 
and Excitation System 
Figure 31 shows the eigenvalues of the [A] matrix of the system model 
for different damping factors K^. Negative real parts of all eigenvalues 
indicate that the system is stable in all cases and the real part is more 
negative as increases, which means greater damping. The existence of 
conjugal imaginary parts of the eigenvalues indicate that the system is 
oscillating and the imaginary parts decrease as increases which means 
less frequency of oscillation. 
To show how the system is sensitive to the smallest conjugate 
eigenvalues for different values of are plotted in Figure 32, from which 
it is clear that as increases, damping increases and the frequency 
of oscillations decrease. 
B. Stability of the System Including 
the Governor System 
Figure 33 shows the eigenvalues of the [A] matrix of the system model 
for different values of system damping K^, while Table 4 shows the smallest 
conjugate eigenvalues for different values of K^. The system is also 
stable and has the same effect as in case A, 
To verify the adverse effect of the governor on dynamic stability, 
the smallest eigenvalues (real and imaginary) are plotted for the system 
ss Kg - 0/377 1/377 2/377 3/377 4/377 5/377 





2 - 0. 72693»* * 10"^ - 0 7247941 X 10'^ - 0 722605 X 10*' - 0 7203711 X lo"' - 0 7180912 X 10"' - 0.7157640 10'' 
_ 0. 1314393 X lO"' » 0 1469609 X 10"' _ 0 1625040 X 10"' 0 1780690 X 10*' 0 1936 565 X 10"' 0.2092671 10"' 
• 0. 127103 X 10-2 0 1270426 X 10-2 0 1269666 X 10-2 0 1268754 X 10"2 t 0. 1267692 X 10-2 0.1266480 X 10-2 
- 0. 2439665 X 10*' 0 2588977 X 10*' - 0 2738288 x 10*' _ 0 2887600 X 10"' 0 3036912 X 10*' 0.3186224 X 10*' 
t 0. l6 9 86Sa X 10-1 0 1648703 X 10-1 Î 0 1648718 X lO-l • 0 1648731 X lO'l 0 1648743 X 10-1 0.1646754 X 10-1 
S -
p. '317596 X lO'l 
-
0 7317595 X 10*1 
-
0 7317594 X lO-l 
-
0 7317592 X 10"* 
-
0 7317592 X 10*1 
-
0.7317590 X 10*1 
0. 8674277 , 0 86742770 _ 0 86742770 _ 0 86742770 - 0 86742770 0,8674277 
t 0. 2701244 X 10 + 0 2701244 X 10 t 0 2701244 X 10 + 0 2701244 X 10 4 0 2701244 X 10 + 0.2701244 X 10 
^10 - 0 946X334 X 10 - 0 9461334 X 10 - 0 9461334 X 10 - 0 9461334 X 10 - 0 9461334 X 10 - 0.9461334 X 10 
-
0 4203762 X 10 
-
0 4203762 X 10 
-
0 4203762 X 10 
-
0 4203762 X 10 
-
0.4203762 X 10 
-
0.42037620 x 10 
Model 
X - [A:% * ai 
where M - (iVjj. 
[*1 of ilze LI X 11 
- The coefficient of the a^ sten dmmpiog In pu. 
Figur(.' 31. Stability of the system without excitation and governor, the eigenvalues (divided by 377) 
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-0.73175*20-01 
-0. «6 742(770 00 
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-0. 3989 7140^ 03 
•0.39K9/l4jr>-03 
r^ i.n • |: -
}0.2701^ 44%% 01 
-^ .2701244i0! 61 
:0XI ... 
I l O . O  
! h.o 
Figure eigenvalues ror cw system including the governor system, for 
different system damping factor 
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with and without the governor system as shown in Figure 34 for the smallest 
real part, and in Figure 35 for the magnitude of the imaginary parts. 
Table 4. The smallest eigenvalues of the system for different values 
of K^/Znf (system including the governor) 
Minimum eigenvalues/377 
377 Real Imaginary 
0 -0. 1034305 X 10' 
3 
+ 0.1288183 X 10' 
2 
1 -0. 1186792 X 10" 
3 
+ 0.1287886 X 10" 
2 
2 -0. 1339427 X 10' 
3 
+ 0.1287442 X 10" 
2 
3 -0. 1492213 X 10' 
3 
+ 0.1286853 X 10" 
2 
4 -0. 1645153 X 10' 
3 
+ 0.1286118 X 10" 
2 
5 -0. 1798251 X 10' 
3 
+ 0.1285239 X 10" 
2 
6 -0. 195150 X 10' 
3 
+ 0.1284215 X 10" 
2 
Model 
X = [A]X + Ai 
where 
Af . (/ivjj. 
[A]= of size 18 X 18 
Figure 34 and 35 verified the adverse effect of the governor on the 
dynamic system stability since; 
1. The damping is decreased. 
2. The frequency of oscillation is increased. 
This adverse effect is due to the phase lag in the turbine and the governor. 
so 




—  1  # 2  




Unstable region corresponding to the case where the real part of the critical 
eigenvalues of the [A] matrix is positive. 
Figure 34. Variation of the smallest real part of the critical eigen­


























Figure 35. Variation of the smallest imaginary (magnitude) part of the 
eigenvalues of the [A] matrix with different values of K„ 
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C. Stabili-Ly of the System Including the Excitation 
System and the Mechanical System 
Figure 36 shows the eigenvalues of the system. To illustrate the 
effect of the mechanical system relative to the excitation system, the 
critical pair of conjugate complex eigenvalues are plotted in Figure 37. 
This figure illustrates the stability of the system without both governor 
and excitation systems as in curve 1, then including governor in curve 2 
and including both governor and excitation system as in curve 3. From this 
curve it is found that: 
1. The governor on its own does not have too much effect on the system 
stability. 
2. The voltage regulator is much more detrimental to stability. In 
trying to maintain constant terminal voltage by the automatic 
voltage regulator, it helps to limit the first swing but without 
adequate damping, and the stability can be lost on subsequent 
swings. 
3. The critical pair of conjugate complex eigenvalues are almost 
linearly changed with the change in the system damping, therefore 
increasing the system damping is necessary. 
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= 0/377 = 3/377 
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Figure 36. The eigenvalues of the system including the governor system 
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Figure 37. Effect of governor and excitation system on system stability 
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D. Effect of Voltage Regulator on 
Systems Stability 
Figure 38 shows the critical conjugate complex eigenvalues with the 
change of voltage regulator gains KAl, KA2 as plotted in Figure 39. The 
total eigenvalues for each case are shown in Appendix C. From Figure 19 
reducing the gains KAl, KA2 would improve the system stability. The 
stability is sensitive to change in KAl rather than KA2. Figure 40 shows 





- .6554669 X lO" 
+ .1117216 X 10 - 2  
20 
- .5326883 x 10 
-4 
+ .1120978 X 10 -2  
30 
- .49693349 x lO"^ 
+ .1123709 X 10"^ 
40 
- .4810790 X 10 
+ .1125298 X 10 -2  
50 
- .4723798 X 10 




- .3295207 X 10 
+ .1130399 X lO" 
."•4 
- .2204797 X 10 -4 
+ .1132493 X 10 -2  
- .1870384 X 10 -4 
+ .1134553 X 10 -2  
.1718808 X 10 -4 
+ .1135804 X 10 -2  
- .1634472 X 10' 
+ .1136616 X 10 - 2  
Oo 
3(1 
- .2095226 X 10" 
+ .1138433 X 10 ,-2 
- .1051446 X 10 
+ .1139812 X 10 
-4 
- 2  
.7231534 X 10 5 
+ .1141594 X 10 -2  
- .5727641 X 10 
+ .1142706 X 10 
-5 
- 2  
- .4885218 X 10 
± .1143436 X 10 
-5 
- 2  
4(1 
- .1488301 X 10 
± .1143394 X 10 
-4 
-2  
- .4678186 X 10 -5 
+ .1144373 X 10 - 2  
- .1420466 X 10 
+ .1146002 X 10 
-5 
+ .8111730 X 10 -7 
+ .1147038 X 10 -2  
+ .9255090 X 10 
+ .1147724 X 10 
-6 
- 2  
511 
- .1124857 X 10" 
+ .1146700 X 10 .-2 
.1182793 X 10 -5 
+ .1147425 X 10 - 2  
+ .2062111 X 10 
+ .1148957 X 10 
-5 
-2  
+ .3563816 X 10 
+ .1149945 X 10 
-5 
-2  
-» .4410395 X lO" 
+ .1150602 X 10 - 2  
Figura 38. Variation of the critical pair of conjugate complex eigenvalues (divided by 377) with 
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Figure 40. System stability with change of voltage regulator gain 
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X. DIFFERENT SCHEMES FOR INCREASING DAMPING AND STABILITY 
From Chapter IX it is clear that increasing the system damping is 
necessary, and an appropriate auxiliary signal is required. The problem 
under investigation is whether the optimum stabilizing signal is taken from 
machine 1, or from the network, or from the other end to provide best 
damping. 
In this part many methods of increasing the damping by feeding the 
excitation system by an auxiliary signal to provide sufficient damping in 
the system are investigated. It is to be noted that in all the following 
schemes the representation of the excitation system given by Equation 89 
is considered where the regulator filter time constant T is neglected. 
There are several means for providing the auxiliary signal. The 
following methods are investigated: 
1. A signal from the change of network voltages taken: 
a. locally 
b. from the other end. 
2. A signal from the change of machine terminal frequency through 
a transfer function of two zeros and two poles. The change in the terminal 
frequencies taken: 
a. locally 
b. from the other end. 
3. A signal stabilizing the station which is operated with leading 
power factor (Hoover) only by feeding its voltage regulator with the change 
optimized by the digital computer. 
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4. A signal from the change of machine terminal frequencies through 
a transfer function of three time constants. The change in the terminal 
frequencies taken: 
a, locally 
b. from the other end. 
A. The Stabilizing Signal Derived From the 
Network Voltage Change 
1. ^ the near end 
The mathematical expression of the stabilizing signal is in the form: 
6vg = SK^ AV^ (141) 
'"'Sj • ™18 (142) 
as shown in Figure 41. The signals applied to the voltage regulator are 
in the form 
Av^ = - Av^ + SK^ AVg (143) 
AVg = - Av^ + SK^ AV^g (144) 
The eigenvalues of the [A] matrix of the system model are shown in Figure 42. 
From which it is observed that the margin of the stability increased for the 
case of positive signal strength SK to a certain limit. Since this voltage 
is very near 10 the value of machine terminal voltage (the difference is 
the voltage drop in the transformer). This effect can be obtained by 
decreasing the voltage regulator KA gain. But for negative SK the margin 
of stability decreased. This is corresponding to the increase of the 
voltage regulator gain. 
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Figure 42. Effect of the auxiliary signals AV,. = SKAV^, AV„ = SKAV,„ 
on the system eigenvalues '^ 1 "^ 2 
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2. the far end 
The stabilizing signal taken from the change in network voltage at 
the other end as shown in Figure 43. 
The mathematical expression of the stabilizing signal is in the form: 
LVs^=SK,CTJ3 (145) 
LVg = SKj (146) 
The signal applied to the voltage regulator in the form: 
+ SK^ AV^g ( 147) 
Lv^  = - Av^  + SKg AV^  ( 148) 
The eigenvalues of the [A] matrix of the system model are shown in Figure 44 
where the critical complex conjugate eigenvalues pair variation with different 
values of SK are plotted in Figure 45. From which it is clear that the 
margin of stability is improved for the case of negative feedback change 
of voltage for values of SK^ around unity. This is due to the fact that 
, AV are functions of the state representing the system as is shown 
J 10 
in Equation 104. 
B. From the Change of Machine Terminal Frequency 
Through a Transfer Function of Two Time Constants 
]. Locally 
From the change of machine terminal frequency through a transfer 
function of two Lime constants taken locally as shown in Figure 46. The 
marhpmarical exnressinns nf fhp stahilizinc sitmal nrc» in thp form oi n 
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Figure 43. Auxiliary signal taken Trom the change in network voltage at 
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Figure 44. Effect of the auxiliary signals AV„ = SKAV.AV„ = SKAV_ on 
the system eigenvalues 1 2 
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REAL PART OF THE CRITICAL EIGEN VALUE X .0377 
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Figure 45. Locus of the critical conjugate eigenvalues with the change 
of the strength of the signal SK 
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"'^ 1 " ^  "^ 1 ">=1 (149) 
"•'2 * ^  ' '2  ^''^ 2 " ^ li/^ 22)*28 (1"^ ) 
. (1 - ^  ) 6j 
'^1 ° "5 
4.2 • "11 
and the signal applied to the voltage regulator is in the form: 
6v. = - Av + Av (151) 
i t^ 
Av = - Av + Av (152) 
2 2 
where Av , Av are negatively fed back by taking the value of the gain 
Si 
of the transfer function negative. 
The results of several runs corresponding to different values of the 
transfer functions constants (G^jT^jT^ •••) are shown in Figure 47. From 
these results it is noticed that the improvement in stability margin is 
not of great benefit. 
2. ^ the far end 
From the change of machine terminal frequency through a transfer 
function of two time constants taken from the other end as shown in 
Figure 48. The mathematical expression of the stabilizing signal is in 
98 
T8 
Figure 46. The signal from the change of machine terminal frequency through 
a transfer function, and applied locally 
Figure 47. Variation of the eigenvalues with the change in the transfer 
function parameter 
(1 + T S)(l + T S) 
G(s) = G , 
^ (1 + TgS) (1 + TggS) 
and the stabilizing signal applied locally (the system damping 
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and the signal applied to tfie voltage regulator is in the form: 
Lv = - Av + Av (155) 
1 ^1 
Av„ = - Av + Av . (156) 
2 •''2 
The eigenvalues arc shown on Figure 49 for the change of after 
optimizing the other constants. In comparison to tlie case of 2 - A  it is 
to be noticeri that the margin of stability is increased by taking the change 
in frequency at the other end rather than the local terminal. 
C. Stabilizing the Station Operating on Leading Power Factor 
The effect of stabilizing the station operating on leading p.f. by a 
transfer of three time constants on system stability as shown in Figure 50. 
A signal from the change of frequency at the machine terminal in the station 
operating on leading p.f. (station 2 Hoover) is fed to its voltage regulator 
through a transfer function of three time constants. 
^111 1 ^111 ^11 
Av = G ) ÙD + (;^  G ) X 
2  222  22  222  22  '  
^  «27 
and the signal applied to the voltage regulator is in the form 
Av, = - Av^ (158) 
"1 
Av = - Av + Av (159) 
2 2 
l ( J 2  
18 
AV, 
( 1 + T ^ S )  ( l + T i ^ S )  
( i + t , s 7 ( i + t , , s )  
( 1 + T , S )  ( 1 + T , , S )  
Fi;-Mjrfc 48, The signal from the change of machine terminal frequency through 
a transfer function, and applied to the other end 
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Figure 50. Stabilizing the station operating with leading power factor 
( H o o v e r )  
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The eigenvalues of the system for changing of the transfer function parameters 
are shown in Figure 51 and 52, which show a great improvement to the system 
stability. 
D. From the Change of Machine Terminal Frequency Through 
a Transfer Function of Three Time Constants 
1. Locally 
A from the change of the local machine terminal frequency through 
a tr.'insfer function with three time constants is shown in Figure 53. 
"^111 ^11 ^111 ^11 
X G )M, + x-^ G ) X 
^222 ^22 ^ ^222 ^22 
T T T 
+ ^  (1 - X + (1 - -^ ) X (160) 
222 22 222  
^111 ^11 "^111 ^11 
Av ^ X G X G ) X 
2 222 22 2 222 22 2 ^ 
'3. 
and the signal applied to the voltage regulator is in the form: 
Av = - Av + Av (162) 
1 1 
Av = - Av + Av (163) 
2 2 
The eigenvalues for different transfer function parameters are shown in 
i"ijj;ure 54. This is a very sensitive scheme for system stability, 
and the choice of parameter is very important as the critical pair of 
conjugate complex eigenvalues changed widely by changing these parameters. 
From Figure 54 the transfer function satisfied the stability requirement 
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Figure 51. Effect of clianging the time constant of the transfer function 
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The bold face type are the critical eigenvalues. 
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Figure 52. Effect of changing the gain of the transfer function used at the 
station working with leading power factor on system stability 
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18 5 
Figure 53. A signal from the change of the local machine terminal frequency 
through a transfer function of three time constants 
Figure 54. Effect of variation the gain, and time constant of the transfer 
function used at each station. The transfer function is in the 
form: 
(1 + T^S)(1 + T^^S)(1 + 
(1 + T2S)^ 1 + T222S) 
and the signal used locally (the system damping factor = 4) 
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in the form; 
(1 + T S)(l + T S)(l + T S) 
Grs) = G  ^ — ( 164) 
\ l  + T  5 ) ^ ( 1 +  T  S )  
where; 
= - .015 
= .005 second 
= .6 second 
= .05 second 
Tg = 3 second 
^222 ~ ^  second 
This transfer satisfied the system stability in the case of Kg = 4. 
For different system damping (0, 2, 4, 6). The eigenvalues are shown 
in Figure 55 which satisfied the system stability. 
2. At the far end 
From the change of terminals frequency at the other end through a 
transfer function with three time constants as shown in Figure 56. 
1^11 1^1 "^ 111 '^ 11 Av = ( X G ) Ad + G ) x 
1 222 22 1 222 22 1 
and the signal applied to the voltage regulator is in the form; 
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The bold face type are the critical eigenvalues. 
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Figure 55. Check the effect of the selected transfer function on the system 
stability for different values of the system damping factor 
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I S  
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Figure 56. A signal from the change of terminal frequency at the other end 
11 ô 
Av = - Av + Av (167) i 
Av = - Av + Av (168) 
2 2 
The eigenvalues for different transfer function parameters are shown in 
Figure 57. This is the most convenient scheme for increasing the 
stability. The margin of stability is increased by choosing the proper 
parameters. 
From Figure 57 the proper transfer function is in the form: 
(1 + T^S)(1 + T^^S)(1 + T^^^S) 
- G 2 (169) 
(1 + T2S)'(1 + T222S) 
where : 
G^ = - .03 
T^ = .005 




The stabilizing effect of this scheme of stabilizing has been investigated 
for different values of system damping factor as shown in Figure 58. 
Comparison between the case when the stabilizing signal is the local 
change in frequency with the case when the stabilizng signal is taken from 
the change in frequency at the other end. The critical pair of conjugate 
complex eigenvalues for both cases is plotted in Figure 59. 
Figure 57. Effect of variating the gain, and the time constant of the 
transfer function used at each station. The transfer function 
is in the form 
(1 + T S)(l + T S)(l + T S) 
G(S) = G ^ — 
(1 + T S) (1 + T S) 
and the signal used from the other end (the system damping 
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Figure 58. Check the effect of the selected transfer function on the system 
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Figure 59. Comparison between the case of using local stabilizing signals 




The use of matrix algebra to formulate the system incremental model 
in the form, 
X = [A] X + f 
where X is the vector representing the state variable of the system, A is 
the matrix of constant coefficient, f is the vector representing the system 
forcing function, is a very efficient way to study dynamic system stability. 
The eigenvalues of the [A] matrix as calculated by the digital computer 
indicate whether the system is stable. In this dissertation this technique 
has been applied to a two station power network. Full representation of 
the excitation control leads to an [A] matrix having dimensions of 30 x 30. 
If this technique is extended for use with large power systems, a large 
size matrix would result. Available computer programs are limited to a 
smaller size matrix. 
From the study on the given systems it is found that the station 
working with leading power factor (Hoover) makes the stability rather 
critical. Such operations must be avoided whenever possible. 
System damping is important to the system stability. The stability 
margin is almost linearly proportional to the system damping factor K^. 
The effect of the governor and the excitation system has been inves­
tigated. Both adversely affect the damping of the system. Of the two, 
the voltage regulator is much more detrimental to the system stability. 
Moreover the system stability is sensitive to the gain KA of the voltage 
stability. 
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Damping and system stability are greatly improved by auxiliary signals 
for excitation control. There are several means for providing the auxiliary 
signal. The following methods were investigated: 
a. A signal proportional to the change in the network voltage at 
a point remote from the machine under control. 
b. A signal derived from the change of frequency at the terminal of 
machine operating at a leading power factor fed to its excitation 
control through an appropriate transfer function. 
c. A signal derived from the change of frequency applied locally to 
the voltage regulator through an appropriate transfer function. 
d. A signal derived from the change of frequency at a remote point 
in the network and applied to the voltage regulator through an 
appropriate transfer function. 
The discussion of the stability criteria for the above methods based on 
the negative real part of the critical eigenvalues. 
A signal in scheme a strongly improves the system stability. The increase 
in the system damping depended on the strength of such signals. Type b 
stabilizing signal improves the stability since the damping of the machine 
working with leading power factor is increased. The best results were obtained 
with a compensating network having a transfer function containing three 
zeroes and three poles. Signals used in schemes c and d largely increase 
the margin of stability. The appropriate transfer functions (of the 
oumpensnt ing network) for both cases li.ive three zeroes and three poles. 
Upon rompn r i ng t lie eifcct.s of type c .•nul type <1 it is round tli.'il 
Lypo <1 h<i.s inorc c-rfecL in Hliibl I lit* nyutt'iii. 
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In summary, the signal at a point remote from the machine under 
control is an effective signal in stabilizing interconnected system 
oscillation. 
1. 
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XIV. APPENDIX A, LIST OF PRINCIPAL SYMBOLS 
(Second Column is the Fortran program name) 
n AN Number of machines 
VR VTR Rating machine voltage 
MVA AMVA Rating machine MVA 
MWS AMWS Rating machine megawatt seconds 
The synchronous machine constants; 
*d 
XD Reactance of generator, d-axis 
*d' XDP Transient reactance of generator 
*d" XDPP Subtransient reactance of generator 
XQ Reactance of generator, q-axis 
X ' q XQP Transient reactance, q-axis 
X " q XQPP Subtransient reactance, q-axis 
Tdo' TOP Open-circuit transient time constant, d--axis 
rj* II 
do TDPP Open-circuit Subtransient time constant , d-axis 
V 
TQP Open-circuit transient time constant, q -axis 
The fortran program names for the equivalent generator are: XDE, XDPE, XDPPE, 
XQE, XQPE, and XQPPE. 
MW AMW Generator output in MW 
MVAR AMWL Generator output in MVAR 
Y GAMA Angle between the terminal voltage and the swining 
reference voltage 
^  •  —  — —  — •  "  *  •  .  .  .  1 .  -  _  , .3 ^  , r I j J ^ ^ 4.^ — .f — ^ O UCàLilD UCLWCCW LiiC ux i-M/ o CLIKI xco uc.i.m^ i.AGàu. 
6 DELT Angle between the q-axis of the M/C and Q axis of the 
reference terminal voltage 
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VT Machine terminal voltage 
y 
q 
VQ Q-axis component of 
VD D-axis component of 
V q 
V, VDC D-axis component of network voltage V 
d 
V VQC Q-axis component of network voltage V 
i AMP Machine terminal current 
i^ AMD D-axis component of i 
i AMQ Q-axis conponent of i 
PHD D-axis component of flux linkages 
d 
PHQ Q-axis component of flux linkages 
p"f PF Power factor at the machine terminal 
H AHE Inertia constant nws/MVA 
v^ Field voltage 




'•^ kq '^ kq *af^ f^f 
R REXT External resistance 
ext 
X XEXT External resistance 
ext 
X Mutual reactance between field and d-axis armature 
winding 
Reactance of field winding 





Exciter output voltage (applied to generator field) 
^A 
AKA Regulator gain 
•^E 
AKE Exciter constant related to self exciter field 
AKF Regulator stabilizing circuit gain 
^E 
SEMAX Exciter saturation function 
T 
A 
ATA Exciter time constant 
T 
R 
ATR Regulator input transducer time constant 
V 
RMAX 








Regulator reference voltage setting 
V 
T 
AVT Generator terminal voltage 
MECHANICAL SYSTEM 
^M1 
= Control system time constant, sec 
^2 ^M2 
= Hydro reset time constant, zero if steam unit 
^3 ^M3 
= Servo time constant or hydrogate time constant 
^4 ^M4 
= Steam value bowl time constant, zero if hydro unit 
^5 ^M5 







Per-unit load on HP turbine 
Machine capacity /fr 
60 cycles/sec 
Steady state droop - 5% 
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XV. APPI'NDLX H 







Aim = Q 











The relation between the voltage and the state variables is given by 
where 
^ = CV^Cz] M - [Y^ l'^ CK] M 
[ïj = CT]'[Y^ ][T] 





- sin 6 1 





1^1 " 1^1 hi "12 
[V = 
:ii Si hz S2 
Si - Si S2 - S2 
£,Jl 
G_ 
4.1. 66 66 —' 
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0 
[ J ]  =  
^dl 0 
0 
"  ' d 2 _  
• (^dl sin 5^ + 
[ I ]  =  (Vdi cos 5^ + 
qi 
q^i 
- (V,„ sin + V _ cos &_) 2 qi 2 
(V^2 ens 62 - Vq2 sin 
- V, Qi 
V, 
D1 
- V. Q2 
D^2. 
which are calculated from the initial values and they are generated by 
the digital computer in the main program. 
Equations 65, 66, 72 and 73 can be put in the matrix form: 
— aiji = Av + [R] Ai + [U] At|f + [W] ^  (172) 
(jLi m 
o 































XVF. APPENDIX C, EFFKCT OF VOLTAGE REGULATOR GAIN ON 
SYSTEM STABILITY 
Figure 60 shows the eigenvalues of the system as KAl, KA2 changes 
within the normals values. 
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Figure 60, Eigenvalues of the system for different values of voltage 
regulator gain 
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Figure 60 (Continued) 
XVII. APPENDIX D 
The program for building the A-matrix and calculating eigenvalues of 
the system for stability study. 
It is to be noticed that in the program of calculating the initial 
values of the system, the reactive power Q is considered negative for the 
inductive load and positive for the capacitive loads. This is opposite 
to the notation used in Chapter III. However there is no difference in the 
result obtained since the negative sign between the two notations is con­
sidered in the corresponding equation. 
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C  ^ ( - E  C A T f  T H E  S Y S T E M  
C  
C  T H É  G l V f - N  L 3 A T A  C F  5 V N C H R C N C L S  N A C H I N t S  A H E  
C  
C  
A . \ (  l )  -  4 .  
f \ ( ? l  ^  6 .  
V î P ( l ) = 1 H . 
V T P  (  ?  )  =  U . 5  
A N V A ( l )  z  2  7 0 ,  
A N V A (  2  )  = :  P2.t 
f - A F N ( n  (  . C C U « ^ 7 C . ) / (  l e . M g . )  
= (.CC^4*H?.5)/(lA.b4 16.5) 
> f j  (  1  )  -  1 . 7  
X  C  (  ?  )  =  .  3  7  R  
X C P ( i )  =  . ^ l C  
> C P <  ; ?  )  =  . 1 4 6  
X C F P f l )  =  . 1 4 C  
=  . 1 1 3  
x;(ll = 1.62 
X C ( 2 I  =  . 2 4 5  
T D P ( U  =  4 . f C  
TCFi;) = 6 .60 
T C P P ( 1 )  =  C  . C C  
T C P P ( 2 )  =  C . C 3 ^  
A N ^ S ( l )  =  1 0 7 0 .  
A P k S I Z )  =  7 8 6 . 1  
C  
C  T l -e  G I V F N  C A T f l  C F  T H F  F X C I T A T T C N  S Y S T L M S  A R E  : -
C  
C  
T R < 1 )  =  . C 5  
T R { ? )  =  . C 5  
T 4 ( l )  =  . 4 0  
T A ( 2 )  =  . 4 C  
TE( n = . 5 6  
T F ( 2 )  =  . 56 
TF1 n - 1  .  3  
T F ( 2 )  =  1  . 3  
A K A ( 1 )  =  
A K A I 2 )  =  3 C  .  
A K f  (  l  )  =  
. 0  5  
A K E ( l )  =  , ? C  
A K E {  2  )  - .?C 
A K F ( ? »  =  . 0  5  
S t N A X (  l  )   ^ 1 



















1 X 1 ( 1 )  
-  C .  I C  
T P 1 ( ? I  =  4 C  .  
n  = c.c 
T v p ( ; )  =  f .  c  
T  M  M  1  )  =  0 . 1 C  
= c . 5 c 
T P 4 ( 1 I  : :  C . I C C  
T V A ( ^ )  
-  C . C  
T M M  1 )  =  1  c .  c 
- l .50 
T F C ( l )  =  (  1  , / T M  (  1  )  )  
Ï E U ( / )  =  {  l . / Î M (  2 )  1  
F  (  1  )  ;  n  . 3 0  
F (  ? )  =  
- 2 .  (  
n  K  I  (  1  )  -  2 . T / ( f C . * . C  
P K I ( 2 )  =  . t i ? 5 / ( 6 C . « .  
TN2 (i)/ (TVid ) 
5 ) 
05 I 
THt [ATA CH THL CHARGING CAPC ITANCE IS 
THE GI\;EN [ATA FCI' IHE SUS. IN P.U ARE 
P C ( 5 , e )  =  ( C . C  ,  . C R 2  )  
K C ( 5 , ?  )  ^  (  C . C  ,  . C 7 f i )  
H C { 5 , 8 )  =  ( 3 . 0  ,  . 0 6 H  )  
ne( 6 , 7) - =  ( C . C  , .  C  0  6  )  
ec(t,si - ( C . C  ,  . C 1 2 )  
H C ( 7 , H )  =  ( 0 . 0  »  . C O H  )  
P . C  ( f . S )  =  ( C . C  , . C ? 6 )  
H C ( 8 ,  1 1  )  =  ( C  .  C , . C Ç ? )  
P C ( S , 1 C ) ,  =  ( G .  C ,  .0*56  )  
M C ( ] ] , l t )  =  ( C  . C  ,  .  3 2 6 )  
ec( 1 4 ; ! 6 )  =  ( 0  . 0 ,  . 3 2 6 )  
B C  ( I  5  ,  u .  )  =  ( C  . C , . 2 9 4 )  
R C (  1 6 ,  1 7  1  =  ( C  . C ,  1 . 1 6 1 )  
H C { 1 7  , 1 H  )  =  ( 0  . 0 , 1 . 1 7 9 )  
T H F  G I V E N  D A T A  H P P  T H F  
A f W ( 6 »  =  t  1 . E 2  , C . C )  
A  V  V s  (  7  )  =  ( 1  . 4 8  , G . C C  )  
A M k l f )  =  (  1 . 4 C  , C . C )  
A  M  (  V  )  %  (  1  .C3  ,0  .0  )  
A P t t l C I  =  ( 2 . y  u  )  .  
A M W (  1 2 )  - - (  l . ' j  2 , C . C )  
A t k L I t )  =  ( 0  . 0  )  
A Y k L ( 7 )  =  
ANH(8) = 
AYWIISI = 




( C . C , . 1 4 )  
-  ( C . C ,  1  . C  )  
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H Y l.SING IHF SlAlt VASlAHLr.kPlTE TH[ ^CCtL CF T l-E 
SYSrnv IN THE f-LPM 
-- A X • F 
T E h  r i G F N - V A l L E S  M E  T H E  A - N A T R I X  A M E  L S E T  E L P  
S T / s . ' M L  I T Y  I N V E S T  I C A T  I C K .  
N C H A ^ - r - U  K .  t L - S E f P F I N Y  
S T A M i l l T Y  S T U U Y  C E  T H E  I N T E R - C C N N E E C T E D  P C k F R  S  Y  S  T  E  P  S  
C L h P L E X  Y E x r ( 2 ) , Z E X T ( 2 )  
C C N P L E  X  Y I  N  {  1 1 )  
t I V E N S I C N  P H C ( 2 ) , P F { 2 ) » T ( l 6 ) t P ( 8 ) , B ( f l ) , Z ( 2 ^ ) , R ( l ô ) ,  
I P A r - f M 2 )  t X C ( 2 ) , X i : F ( 2 ) , X C P P { ?  ) , X C { 2 ) , T C P ( 2 ) , T Û P P (  2 ) ,  
l V T P ( 2 ) , A M V A ( 2 ) t A N { 2 ) , R E ( 2 ) t X Û E ( 2 } , X D P E ( 2 ) , X C P F E ( 2 ) ,  
l  A V v ,  ( 2  )  ,  A ^ W E  ( 2  ) ,  A M W C  ( 2 ) , A M k L C ( 2 ) , A H E ( 2 ) , P H I ( 2 ) , A K P ( 2 i ,  
l O r  L T A P C  A  )  , 1 } E L T ( 4  )  . G A r ' A  ( 2 0  )  , V C  < 2 0  )  , V G ( 2 0  ) ,  A ^ C  ( 2  ) ,  A M C (  2  )  
C I M F N S i n N  D E L T B I M  2 ) t D E L T U ( 2 ) , \ \ ( 1 6 ) , A 1 ( 4 4 ) , S V 7 ( 1 6 ) ,  
l A f k S ( 2 ) , X C E ( 2 ) , V T ( 2 C ) , F E C ( 2 ) , E 4 ( l b ) , M l ( 2 ) ,  
U i y F \ S [ r h  A N V ^ C C  ( ? )  , A f V v L C C ( ?  )  ,  
1 T R ( 2 ) , T A ( ? ) , T E ( 2 ) , T E ( 2 ) , A K A ( 2 ) , A K F ( 2 ) , A K I ( 2 ) , S C N A X ( 2 ) ,  
U E X 1 { ? ) , A E X 2 ( 2 ) , A E X 3 ( 2 ) , P E X 2 ( 2 ) , R E X 3 ( 2 )  
Y E X T , / F X T  
C C V M C N  T , P , e , Z , P , C A M A , V C , V 0 , Y N , A l , S V T , B 4 , V T , P H n ,  
lAPCiA^O 
C Û L H I . E  P R E C  I  S I C N  A (  3 C ,  3 C  )  
C I ^ E ^ S I r ^  T y i ( 2 ) , T N 2 ( 2 ) , T M 3 ( 2 ) , T M 4 ( 2 ) , T M 5 { 2 ) t F ( 2 > ,  
1 T ' = C (  2 )  , R K 1 {  2 )  
[ A T A  N A [ ; C C / 3 C /  
D C  1 5 C C  J = l , 2  
1 5 C C Î  R E A C d . l C C n  A N { J ) , A M S { J ) , \ / T R (  J ) , A y V A (  J )  , X D (  J )  , x n F { J )  ,  
I X C F P ( J )  
e u  I d C C  J = l , 2  
1 6 C n  P E A L ( 1  , 2 0 0 1 )  X C ( J  )  , A N W ( J  ) , A f W L  ( J ) , V T ( J ) , T C P ( J  )  t T D P P { J )  
0 ( 1  1 7 C C  J = l , /  
I 7 C C  P E A n t l . l C C T )  T : ^  ( J  )  , A K A {  J  )  ,  T A (  J  ) ,  F E (  J  )  » T F  (  J )  , A K F  (  J )  ,  
1 A K E ( J ) f S E P A X l J )  
G f J  l ' i C C  J = l , 2  
1 8 ( 0  P E A G ( 1 , 2 G 0 1 )  T M  1  (  J  ) ,  T M  2  (  J  )  ,  T y  3  {  J  )  ,  T  4  {  J  )  ,  I  ^  « 5  {  J  )  ,  F  (  J  )  
' v P I  T E C  )  
5 6 5 5  F U k M \ T ( ' C ' , 1 2 X , ' T H F  D A T A  E C P  T H E  S Y N C H . P C C  I S '  
i//^^,'\',7x,'PS',Px,'VTP',tx,'MVA',7x,'xn',rx,'xnp', 
1 6 X  ,  •  X U P P  •  / )  
1 5 C 1  k D I T E ( l , l C C l ) A \ ( J ) , A P S ( J ) , V T P ( . ) , A K V A ( J ) , X C ( J ) , X C P ( J ) ,  
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u C i*;ui j" i f c 
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ttf-.i FUf^MAK T' t 12X,MHh HATA FCH IHF CFbRATIhC FLINT IS' 
1//HX, • XC .OX , «MW • ,HX, «NWL ' , ?X, «VT ' , tX, • TCP • , 7X, ' fOPP' / ) 
DC 16C7 J=l,2 
160/ WRITb(l,2Cri)X;j(J),AMVN(J),AywL(J),VT(J),T0P(Jl,1IDFF(J) 
kPITE(1,/777) 
7777 FCPf'AK'C'.I^XfMht CfTf FTP TkE EXCITATI(.^ SYSTbf IS' 
l//PX,'rP',fiX,'KA',PX,'TA«,8X,'TE',ex,'TF',eX,'KF',BX, 
I'KF' ,8X,'SE'/) 
CO 17C? J-1,2 
17C3 kPITE(3,3001ITH(J),AKA(J),TA(J),TE(J),TF(J),AKF(J), 
lAKh(J) ,SEPAXtJ) 
WP ITk(3,8862 I 
RBHR F[FyAT('G',12X,'TFE CAT/ FCR TFE NECHIMCAL SYSTEM IS' 
l//fX,'TMl',8>,'Tf2',ex,'Ty3',8>,'Tt4',HX,'Tyb«,8X,'F'/) 





C THE CUT PUT OF THE LCAC FLCk PRCGPAV IS 
C 
c 
AYkl1) = A.«58 
Ayk(2) = 3.6C 
AMkL( 1 ) = -2.S7C 
APkL(2l ^ +.449 
VT(1) = l.C 
VT (2 ) - 1.05 
VT(5) = .465 
VT(1«) = l.C46 
CAPA(l) = n .0 
GAMA(2) = 112.2*3.14 1593)/IfcC. 
GAf'AI5) = -5.C43.14 1593/leC. 
GAPA(IA) = K.4*3.141593/IRQ. 
RAPM(l) = (.CC16*27C.)/(1K.*1R.) 
PAFy|2) = (.0C5A*82.5)/(16.5*16.5) 
TfcCd) = (l./TM(l)) - Ty2(l)/(TMll)«*2) 
TEQ(?) = (1./TP 1(2)) - Ty2(2) /(TMl(2)v-2) 
eKl ( I ) = 2.7/(f,C.*.C5) 
GK K 2) = .H25/(6C.*.C5) 
C 
C THE CLTPUT CF ThF SYSTEM PECLCTICN PKCCRAP IS 
C 
C 
V U d )  =  (  7 . 3 8 , - l C . C 6 )  
VIN(?) = (.95.6.16) 
Y IM M ^  ( .95,6.74 ) 
YIN(II) = (1.08,-5.79) 
C 
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C  I M T U L  C C N T I T I C N  C A L C U L A T  I C N S  
C  
C  
rc 7? J=l,2 
P E ( J )  =  l C C . * R A P M ( J ) / ( A h ( J ) » A t \ A ( J ) )  
X C b ( J )  =  1 C C . * X C ( J ) / ( A N ( J ) * A M V A ( J ) )  
X Q P F ( J )  =  l C C . f X C F ( J I / ( f k ( J ) * f P V A ( J ) )  
X C P P F ( J )  =  l C C . * X n P P ( J ) / ( A \ ( J ) * A M V A ( J ) )  
x c n j )  =  l C O . * X L ( J ) / ( A N ( J ) * A y V f ( J ) )  
A H F I J )  =  ( A h ( J ) » A N k 5 ( J ) ) / l C C .  
F h K J »  =  A T A N 2 ( f Y k L ( J ) , A M k ( J ) )  
F F  (  J )  ^  C C S  ( F t -  i  (  J )  )  
A M P ( . J )  =  A y V v {  J  ) / (  V T (  J )  * F F  (  J )  )  
C C I  r  A P  ( J  ) = A T  A N 2 ' (  à N P  ( . 1  ) * X C F  ( J  >  * C G S  ( P H  n  J )  )  4 A M P (  J  ) * K & ( J ) x  
1  S I  N ( P M I  ( J )  )  ,  
i v ï  { j  )  t a y p i  j  )  < p i :  (  j  )  * c n s (  p h i  (  j )  ) - a k p {  j )  «  x q e  (  j )  •!=  s  i n  (  f h i  {  
iJil) 
V I M J )  =  V T ( J ) » S I M C t L T A P ( J ) )  
vc(.J) - vr (J )«Cf:s(CELTAP( J I ) 
A f C f J )  =  A K F ( J ) * C C S ( r E L r A F ( J ) - F H I l J ) )  
A M C ( J )  ^  A v p ( J ) « S I N ( D E L T A P ( J ) - P H I ( J ) )  
P F C ( J )  =  - V [ ( J ) - R E ( J ) * A M [ ( J I  
P H I M J )  =  + \ ^ ( J ) + P r ( J ) * A t C ( J )  
C F i r i J )  ^  U r i T A P f J )  +  G A M A ( J )  -  9 0 . 4  1 . 1 4 1 b S 3 / l k C .  
A P k C ( J )  =  +  V C ( J ) 4 A M 0 ( J )  
A P b L C ( J )  =  \ / D (  J ) « A N C (  J )  -  V G ( J I * A y C ( J )  
C E L T n f ; { J )  =  [ E L T A P ( J ) * i e C . / : . 1 4 l 5 S 2  
C F I T C I J )  =  C E L T ( J ) * 1 S 0 . / 1 . 1 4 1 5 9  3  
7 2  C O N T I N U E  
W R I T E ( 3 , 6 5 )  
6 5  F C R ^ A T ( ' l ' 2 1 X , ' T H r  C A L C L L A T E C  V A L U E S  F C R  T H E  I N T .  C  
I Q N D i r i j N  : '  
w / o ^ j x  , •  a n p  ,  » 0 5 x  c e l t  a p « c 6 x ,  « v c ,  ' o h x  ,  « v o f  ' c 8 x ,  « a n d  '  
i c c x ,  ' a p c '  
1 0  7 X ,  •  P F C  C  7 X ,  « l ' F G  •  C 6 X ,  T . E L T A  ' C f ; X  ,  ' A P W C ' C t X ,  •  A M ^ L C  '  
ICf.X FF' /) 
C f )  f . f :  J ^ l , ?  
h h  V > F I T F ( 3 , 6  7 )  f P F ( J ) ,  C E L T A P ( J ) ,  V C ( J ) ,  
l A V O t  J )  , A N C ( J )  ,  
I F h C J J j ,  P H C ( J ) ,  C E L I ( J ) ,  A M k C ( J ) ,  A  ^  ^ v L C  (  J  )  ,  P K  J  )  
i l  F C F V A U ' C  , C 1 X , 1  ? F I G . 5 / )  
U P l T F { 3 , £ f c ^ )  .  
6 6 5  F f î ^ V A T  ( ' G "  l O X  ,  •  r j - F  A N G L E S  I N  L E G R E F S  A N C  C C M P A R I S i J N  
l i ' . f ^ . W t E N  T H E  F C k E R S  A N C  T H E  R E A C T I V E  P C W E R S  :  '  
l / / C f X ,  « A M W C  ' , C 6 X , ' A y k ' , C 6 X , ' A M h L C '  , C f X , ' A P k L '  » C 6 X ,  
1 0 6 X  C E L T H *  , c 5 x , • C E L T ' / l  
O C  6 6 6  J = 1 , 2  
o n e  w c i i r .  l ^ t c c r /  
l C F L T P r ( J ) , C E L T C ( J )  
t t l  F O R M A I ; ' C ' , C I X , f r i c . 5 / )  
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C  C H P C K  O F  T H E  I N I T I A L  C C ^ D I T I C h S  C A L C L L / S T I C N  
C  
i:n 71 J-1,2 
I F ( A H S ( f y w ( J | - A M k C ( J ) ) - C . l )  1 7  7 , 1 7 7 , 1 7 4  
1 7 7  I F  { A H S l A N V ^ l  (  J ) - A N V N L C ( J )  ) - 0 . 1 )  1 7 9 , 1 7 9 , 1 7 4  
1 7 4  V l (  J  )  =  f ] . G  
G C  T C  7 3  
17q N 1(J) = 1 
7 3  C C N T I N U E  
I F  ( M  {  1  ) + y i  ( ?  ) - l  )  7 4  , 7 4 , 9 9  
C  
c  f c p w u l a t i c n  l f  t h e  f a t r i x  t  (  1  é  )  (  c o  s  c  e l  t  ,  s  i n u f c  l  t a  )  
c  p ( ft)= j { v s i n q f l t + v c c s c e l t )  
c p.( e) = j( in, ig ) 
c  z ( 2 4 )  (  i/xi:p,  i / x c  )  
C  P ( 1 6 i ( 0 E l , P F 2 )  
Ç q  D C  4 1  I - l , U  
T  (  I  )  =  Û . C  
T ( l )  =  C C S ( C E L T ( 1 ) )  
T ( 2  )  =  S I N ( O E L T (  1 )  )  
T ( 5 )  = - S I N ( C E L T (  1 )  )  
T ( 6 )  =  C C S ( n F L T ( l )  )  
T i l l )  =  C G S f D E l T ( ?  )  )  
T ( 1 2 )  =  S I N ( C E L T  ( ?  )  )  
T (  1 5 )  = - S l N ( D F L T ( 2 )  )  
4 1  T (  1 6 )  =  C C S ( C E L T ( ? )  )  
W P I  T C  (  3  , l  )  
1  F G H M A T ( • C ' 4 X , « T H F  C A L C L L A T E U  C A T A  F C R  T  I ?  : ' / )  
C C  1 0 1  1 = 1 , 4  
I C I  k R I T [ ( 3 , 8 C l )  H I ) ,  T ( I + 4 ) ,  T ( I + P ) ,  T  (  I  • »  1 2  )  
8 0 1  F O R M A T ( ' C ' 4 X , 4 F P . 4 )  
C C  4  3  1  =  1 ,  P .  
P (  I  )  =  C . C  
P ( l )  =  -  V L ( 1 ) * S I N ( C E L T ( 1 ) ) -  V Q {  1 ) « C C S ( D E L T {  1 ) )  
P ( 2 )  =  V C d  ) « C r S ( C E L r ( I )  )  -  V C (  l  ) * S  I N C D E L T  (  l  )  >  
P ( 7 )  =  - V D ( 2 ) * S I N ( D E L T ( 2 ) )  -  V C ( 2 ) « C C S ( H E L T ( 2 )  )  
4 3  F ( B )  =  V C ( 2 ) * C C S ( C F L T ( 2 ) )  -  V C ( 2 ) «  S I N ( C E L T < 2  )  )  
k R I T E ( ) , 3 )  
3  F O R M A T ( ' C ' 4 X , ' T H E  C A L C L L A T E D  V 4 L L E  F C R  P  I S  : ' / )  
C C  l O i  1 = 1 , 4  
I C 3  y R I T F ( 3 , e C 3 )  F d ) ,  F ( I  +  4 )  
8 0 3  F r : P y f T ( ' C ' , l C X , 4 F P . 4 / )  
p (  I  )  =  c . n  
D u  4 4  i  =  i  ,  c  
P (  1 )  =  C . C  
e (  1 )  =  A f C d  )  
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H ( 2 )  =  - A w c i i )  
e ( 7 )  =  f ^ G ( 2 )  
4 4  e ( g )  =  - A M U ( 2  )  
W R I T E ( 3 , 4 )  
4  F T R V A T l  '  C ' 4 X , M H F  C A L C L L A T E C  V A L U E  F [ R  H  I S  : ' / )  
r O  1 C 4  1 = 1 , 4  
1 C 4  ^ F I T L ( 3  , B 0 4  )  E  (  I  )  ,  H ( 1 + 4 )  
e C 4  F f : k y A T (  « C ,  l C X , 4 f  t - . 4 / )  
L f  4 5  1 = 1 , 2 4  
Z ( I )  -  c . r  
/ (  1 )  -  -  1 .  / X O P F (  l  )  
7 ( S )  =  l . / X C P E d )  
7 { I C )  =  - 1 .  /  X C F  {  1 )  
7 ( 1 5 )  =  -  1  . / x n P P E ( 2 )  
7 ( 1 9 )  =  1  . / X T F F F  ( 2  )  
4 - 5  7 ( 2 4 1  1 .  / X C E  (  2 )  
kPITE(T,Ç) 
5  F [ P P A T ( ' l ' 4 X , ' T h F  C A L C U L A T E C  V A L U E  F C R /  I S  : • / )  
e n  1 C 5  1 = 1 , 4  
1 C 5  W R I T E  ( ) , j 0 5 )  7 ( 1 ) ,  7 ( 1 + 4 ) ,  7 ( 1  +  6 ) ,  7 ( 1 + 1 2 ) ,  7 ( 1 + 1 6 ) ,  
1 7 ( I + 2 C )  
8 0 5  F C R M A T (  ' G ' ,  I C x , 6 F E . 4 / )  
C C  4 6  1 = 1 , 1 6  
R ( I )  = C . C  
M ( l )  =  P E ( 1 )  
H ( f )  =  P E  ( l  )  
R (  I  l )  =  R F (  2 )  
4 6  P  ( 1 6  )  =  P E  ( 2  )  
t P I T E ( 3 , 6 )  
6  F O R M A T (  ' G  • 4 X , ' T H E  C A L C U L A T E D  V A L L E  P G R  R  I S  : ' / )  
C C  I G 6  1 = 1 , 4  
I C É  k P I T F ( 3 , e C 6 )  P ( I ) ,  P ( I + 4 ) ,  R ( l + 8 ) ,  P ( I + 1 2 )  
8 0 6  F C P X A T  l ' C ,  I C X , 4 F Ç . 6 / )  
C C  6 C 2  J = l , 3 , 2  
Y N ( J  )  =  R F A L ( Y Î N ( J ) )  
Y N ( J + 1  )  =  A  I V A G  ( Y  I N ( J  )  )  
Y N ( J + 4 )  =  - Y k ( J + l )  
Y N ( J  +  b )  =  Y N ( J  )  
60? CChTThUE 
n e  C C 3  J = S , 1 1 , 2  
Y N (  J  )  =  R f c A L  ( Y  I N ( J  )  )  
. Y N ( J + n  =  A I V A r ( Y I N ( J ) )  
Y N ( J + 5 )  =  Y N ( J )  
Y N ( J + 4 )  =  - Y N ( J + 1 )  
â C 3  C C N T I N L E  
W R I T E ( 3 , 2 )  
2  F E R M A T ( • 0 ' 4 X  ,  « T H E  G I V E N  G A T E  F T P  Y  I S : ' / )  
u û  1 C 2  
1 0 2  W R I T f ( 3 , P r 2 )  V N ( 1 ) ,  Y N ( I + 4 ) ,  Y N ( I + P ) ,  Y N ( I + 1 2 )  
6 C 2  F C P V f î ( ' C ' , l C X , 4 F A . 4 / )  
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C CHhCK H -t N l I U L W k hf.LUCÎlLN C ' Y :  
t  T U -  I N P L 1  P t J k t ^ k  A N D  T H F  V . A 1 T L E S S  P C W E R  M L S T  d &  1 H L  S A P b  
C  
C  
A M k C C ( l )  =  V f {  1 ) * V T (  1 ) * R F A L ( Y 1 N (  1 ) )  +  V T ( l ) * V T ( ^ ) «  
I C A H S  ( Y  I N  ( 3  )  ) *  
l C r , S (  A T A N 2 1  A I f A G < Y l N  (3) ) , P E / i H Y l N ( 3  )  )  ) - C A N ^  ( L )  +  C  1 2 )  )  
A V h L C C ( l )  =  V T {  1  ) « V 7 (  n « A I M A G {  Y I N (  n  ) + V T {  1 ) * V T (  2 ) *  
I C A Ë S ( Y  [ N  ( 3  )  ) «  
1  S  i r d  A T A N 2 (  A  I  V A r , (  Y !  N (  H ) , P E A L ( Y I N ( 3 ) ) ) - G A N £ ( l ) + G A N A { 2 ) )  
A P * r C ( 2 l  ^  V T ( 2 ) « V T  ( 2  ) * P b û L ( Y  I N (  1 1  ) ) + V T ( 2  )  « V T (  n « C  
1 A B S (  V I N C ? )  ) *  
l C C S ( A T f N 2 ( A I M A G ( Y I N ( Ç ) ) , R E A L ( Y I N ( q ) ) ) - G A V A ( 2 ) + C A N A (  1 ) )  
ANWLGC(?) = VT(2)*VT(2)*AIPfG(YI\(ll))+VT(2)*VT(l)4 
IGAHSC y IK( S n * 
1  S I N ( A T  A N ? ( A  I M A C ( Y I N { 9 ) ) , R E A L ( Y  I N ( S ) )  ) - G A M A ( 2 )  + G A M A (  1  )  )  
h P I T F ( 3 , 6 0 4  1  
6 0 4  F O R M A T  ( ' C « , 2  I X , ' T H E  A C T U A L  A N C  T H E  C A L C L L A l ' J  P C k E P  A ^ D  
I T H F  R E A C T I V E  P L W E R  F C «  C C N P ^ P I S I G N  A R E : '  
l / / C t X  ,  « A N U C C •  , C 5 X , ' A y k '  , C 6 X , ' A K k L C C '  , 0 5 X , ' A P b L ' / )  
C C  6 0 5  J =  1 , 2  
6 C 5  , F I T F ( 3 , 6 C 6 )  f ^ b C C ( J ) , A ^ k ( J ) , A ^ b L C C ( J ) , A ^ W L ( J )  
6 C 6  F Q P M A K ' C  , C 1 X , 4 F 1 C . 5 / )  
C f L L  S F F R R  
C  
C  E X C I T A T I O N  S Y S T E M  C O N S T A N T S  
C  
C  
en 4 2 C  J ^ U 2  
A E X l ( J )  = ( T E ( J ) * ( T A ( J | + T F ( J ) ) 4 T A ( J ) * T F ( J ) * ( A K E ( J ) +  
I S E M A X C  J ) ) )  
1 / ( T A ( J ) * T F ( J ) * T F ( J )  )  
A E X ? { J )  =  ( ( f K E ( J ) + S E W A X ( J ) ) * ( T f ( J ) + T F ( J ) ) + T E ( J ) +  
1 A K A { J  ) * A K F ( J )  I  
1 / ( T A ( J ) 4 T E ( J ) * T F ( J ) )  
A E X 3 ( J )  =  (  A K E  (  J )  « - S E V A X  (  J )  )  
1 / 1 T A ( J ) * T E ( J  ) * T F ( J  )  )  
P f X 2  (  J )  -  A K M  J  ) /  ( T A {  J  ) n E  ( J  )  )  
i i E X 3 ( J )  =  A K A ( . J ) / ( T A { J ) ' » T E (  J ) * 1 F (  J )  )  
4 2 0  C C h T I M j r  
k W I T E  ( 3 , 4 2 1 )  
4 2 1  F f j k M A T  (  •  C ' ,  ?  1  X  ,  •  T H E  E X I T A T I C N  S Y S T F N  C C N S T / < M S  f P E  
l / / , 0 ^ X , ' A E X l ' , u f X , ' A E X 2 * , G 6 X , ' 4 F X 3 ' , C 6 X , ' B F X 2 ' , L 6 X ,  
1  •  B  f .  X  3  •  /  )  
C O  4 / 2  J = l , 2  
4 2 2  k R I T E ( 3 , 4 2 3 )  A  F  X 1 ( J  ) , A E X 2 î J  î , A  E X  3 { J ) , f i E X 2  (  J )  ,  B t X 3  (  J  )  
4 2: f Ci^rÀ i ( • C • , C i A , 5F i c. :>/) 
C  
C  T H E  S E L f c C r F E  S I G N A L  A N C  T F F  T R A N S F E R  F U N C T H . N  
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"  C r N S r / S N T S  / ! H E  
c 
c  




S K 2 ?  -  c . c  
S K  1  =  c . c  
S K ?  =  • )  . 0  
R A L X  1  =  C . C  
G A U X f  =  0  .  c
G 1  =  
- . C I  
1 1  =  . [ [ 5  
T i l  =  
. 6  




T 2  =  3  . C  
T 2 2  =  i  . 0  
T 2 2 ?  II O
 
C h  =  C l * ( l  -
C 2  - C I  
C E ?  =  G F  
C E I  =  C E  
C I  =  G 1 * T 1 / T 2  
D L V l  =  - 2 . C  
C C  7 4  1 1 = 1 , 4  
C L M  =  O L N l  +  
C C  =  C L M I  
C C  9 1 0  1 = 1 , 3 0  
o n  9 C C  J = 1 , 3 C  
9 C C  A ( [ , J )  =  C . C  
C  
C  E L E Y B t T S  C F  T H E  A - V A T R I X  C L E  T C  
C  S Y N C I - R C N U U S  M A C H I N E S  
C  
c 
C C  9 0  1  I  =  1 , 2  
A (  I  , 1 )  = A i d )  
A (  1 , 2  )  = A  1 ( 1  +  5 )  
A  ( I , 3 )  = A 1  ( 1 + 4  )  
A (  I  , 4 )  - A  1 ( 1  +  2 8 )  
A  ( 1 , 5 1  •= A l (  I  +  3 d )  
6 ( 1 , 6 )  = A l (  1  +  1 2  )  
A l l , 7 )  = A  l (  I  +  ? C )  
M  1 , B  )  = A  1  (  I  +  1  6  I  
A (  I  , 1 C )  =  A l ( 1  +  3 2  )  
A  (  I  •  5  ,  1  )  =  A  1 ( 1  +  2 )  
A ( T + S ,  ?  )  =  A l ( 1  +  1 0  )  
A ( I + 5 ,  1 )  =  A  1 ( 1  +  6 )  
A (  1  +  5 ,  4  )  =  A H  1  +  3 C )  
A ( I + b ,  5 )  =  A l l  1 + 3 8  )  
A ( I + 5 ,  Ê )  =  A l (  1 + 1 4 )  
A ( 1 + 5 ,  7  )  =  * 1 ( 1 + 2 2 )  
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A ( 1  +  ^ , F )  =  A  1 ( 1  t i r )  
A(I*3,1G) ^  2 1(1+^4) 
A (  l  +  r ^ l l )  =  A K  1 + 4 2 )  
9C 1 CCNTlNLf 
4 ( 3 , 1 )  ^  ( X [ ; ( l )  -  X r P (  1  ) ) / ( T C P  I  1 ) 4 X C P (  1 ) 4 3 7 7 . )  
A ( 3 , j |  =  - X C ( 1 )  /  ( T C P (  1  ) « X C P ( I  ) * 3 7 7  .  )
A ( 4 , 5 )  =  1 . / 3 7 7 .  
A ( 5 , l )  -  -  (  A N ( .  ( I  )  • P K . d  ) / X C F e  (  1  )  ) / ( 2 . ' » A h E  ( 1  )  )  
A ( c , 2 )  =  ( A M D ( l )  +  P H U (  1 ) / X G F . C  1 )  > / ( 2 . * A H F  (  1 )  )  
A { 5 , 3 )  =  F l - C ( l  » / ( 2 . * A f - E  (  1  ) « x r P E (  i n  
A ( b , 5 l  =  - L ) i ) / ( 2 . * A H E { 1 ) « 3 7 7  . )  
Ate,6  I ^ ( X 0 P E ( 2 ) - X D P P E ( 2 l ) / ( T U P P ( 2 l t x n P P E ( 2 l » 3 7 7 . )  
A ( r t , 8 >  ^  - X r . F E  ( ?  ) /  ( X n P r E ( 2  ) + T r P P ( 2  ) « 3 7 7 .  )  
A ( C , ^ )  .  1 . / (  T I ) P P (  2 ) * 3 7 7 .  )  
A  ( 9 , 4  I  ^  ( X C M / ) - X L : P P e (  2  I  ) / ( T ( : P (  2 ) * (  X O P E (  2 ) -
lXUPPF(2)«i7 ?.) 
A { 9 ,  ) l  =  -(xnE( ? ) - X C P P E ( 2 ) )  /  ( T C P ( 2 ) * ( X C P t ( 2 ) -
I X C P P E ( 2 ) ) * 3 7 7  .  )  
A (  1 C , 1 1 )  =  1 . / T 7 7 .  
A ( l l , t )  =  - ( f M C ( 2 ) 4 P E 0 ( 2 ) / X C P P E ( 2 l ) / ( 2 . * A H E ( 2 ) ]  
A ( l l , n  =  ( A y C ( 2 l  +  F E C ( 2 ) / X G E ( 2 ) ) / ( 2 . * A E E ( 2 ) )  
A ( l l , c )  =  P l - Q (  2 ) / (  2 . * A H F (  2 )  « X C P P E  I  ? )  )  
A ( 1 1 , 1 1 )  =  - [ C / ( 2 . * f H E ( 2 ) 4 3  7  7 . )  
C 
C  E L C ^ E N T S  O F  T H E  A - K A I H I X  U L f  T C  
C  E X C I T A T i L K  S Y S F E N S  
C 
C  
A(3,12 ) = 1 .CO/(TCP(1)«377 . ) 
A(9,15)  = l.CC/(TnP (2)*377.) 
A  ( 1 2 , 1 2 )  =  - A F X K l  ) /  3 7 7 .  
A (  1 2 , 1 3 )  =  1  . / 3 7 7 .  
A( 13, 12 ) = -AEX?( 1 )/377. 
A ( 1 3 , 1 4 )  =  1 . / 3 7 7 .  
A (  1 4 , 1 2 )  =  - A E X 3 ( l ) / 3 7 7 .  
C  E X C I T A T I - N  S Y S T E M  F - P  L N I T  T k -
A ( 1 5 , I S )  =  - A E X l ( 2 ) / 3 7 7 .  
A (  1 5  ,  1  6 )  =  1  . / 3 7 7 .  
A ( 1 6 , 1 5 )  =  - A E X 2  (  2  ) / 3 7 7  .  
A (  1 6 , 1 7 )  =  1  . / M l .  
A (  1 7 ,  1 5  )  =  - A E X  3  (  2  ) /  3 7 7 .  
A ( 1 3 , l )  = - ( S V T ( l ) - S K l * B 4 ( 2 ) ) * H E X 2 ( l ) / 3 7 7 .  
A (  1 4  ,  I  )  = - ( S V T ( 1 ) - S K l * P 4 ( 2 )  ) « P E X 3  (  1  ) / 3 7 7  .  
A ( 1 3 , 2 )  ^ - ( S V T ( 5 ) - S K 1 4 H 4 ( 6 )  )  « ( 5  E X 2 (  l ) / 3 7 7 .  
A ( 1 4 , 2 )  = - ( S V T ( 5 ) - S K 1 4 p 4 ( 4 ) ) * E E X 3 ( l ) / 3 7 7 .  
A ( 1 3 , 3 )  = - ( S t T ( 3 ) - S K l * B 4 ( 4 ) ) * n E X 2 ( l l / 3 7 7 .  
A ( 1 4 , 3 )  = - ( S V T ( 3 ) - S K l * B 4 ( 4 ) ) * P E X 3 ( l ) / 3 7 7 .  
A \ i),y# I zv I » i i^r. ca^»I »/J; i  
A (  1 4 , 4 )  = - ( S V T ( 1 3 ) - S K l * H 4 ( ] 4 ) ) * B E X 3 ( l ) / 3 7 7  
A ( 1 3 , 6 )  = - ( S V T ( 7 ) - S K l * P 4 ( 8 ) ) 4 C [ X 2 ( l ) / 3 7 7 .  
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4 ( 1 4 , 6 )  = - ( S V T ( 7 l - S K l * G 4 ( 6 ) ) * 8 E X 3 ( 1 1 / 3  7 7 .  
f ^ l 3 , 7 )  = - ( S V T ( l I ) - S K l « e 4 ( 1 2  )  ) « e E X 2 (  l ) /  3 7 7  .  
A ( 1 4 , 7 )  = - ( S V T ( 1 1 I - $ K 1 * B 4 ( 1 2 ) ) * R E X 3 ( 1 1 / 3 7 7 .  
4 ( 1 1 , 8 1  = - ( S V T ( 9 ) - S K l « H 4 ( l C ) ) ^ B E X 2 ( l ) / 3 7 7 .  
A { 1 4  , 8 )  = - ( S V T ( 9 ) - S K l * E 4 ( 1 0 ) ) * E E X 3  (  1  ) /  3 7 7  .  
A {  l i ,  I C )  - - ( S V  r (  1 5 ) - S K 1 * B 4 (  1 6 ) ) « R E X 2 ( i  » / 3  7  7 .  
A  ( 1 4 , 1 0  I  = - ( S V l ( l S ) - S K l * e 4 ( 1 6 ) ) * H E X 3 ( l ) / 3  7 7 .  
A C  1 3 ,  1  I )  =  S K I 1 * H E  X 2 (  1  ) / 3 7 7 .  
4 ( 1 4 , 1 1 )  =  S K I  M H f  X 3 (  l ) / 3 7  7 .  
A ( 1 6 , 1 )  ^ - ( S V T ( 2 ) - S K 2 ' > e 4 ( l )  ) * P E X 2  (  2  ) /  3  7 7  .  
A (  J  7 ,  I )  = - ( S V T ( 2 ) - S K 2 * B 4 (  1 ) ) * H E X 3 (  2 ) / 3  7  7 .  
A ( 1 6 , 2 )  = - ( S V T ( 6 ) - S K 2 « H 4 ( 5 ) ) « E E X 2 ( 2 ) / 3 7 7 .  
A (  1 7 , 2 )  = - ( S V T ( 6 ) - S K 2 * E 4  ( 5 )  ) * e E X 3  ( 2  ) / 3 7  7  .  
4 ( 1 6 , 3 )  = - ( S V T ( 4 ) - S K 2 * B 4 (  2 )  ) = » B E X 2 (  2  ) /  3  7  7 .  
4 ( 1 7 , 3 )  = - < S V T ( 4 ) - S K 2 * e 4 ( 3 ) ) * R E X 3 ( 2 ) / 3 7 7 .  
A ( l f c , 4 )  = - { S \ / T ( 1 4 ) - S K 2 * B 4 ( 1 3 ) ) * B E X 2 ( 2 ) / 3 7  7  .  
4 ( 1 7 , 4 )  = - ( S V T ( 1 4 ) - S K 2 « E 4 {  1 3 )  ) * e F X 3 (  2  ) / 3 7  7  .  
A ( 1 6 , 5 )  =  S K 2 2 * B F X 2 ( 2 ) / 3 7 7 .  
A {  1 7 , 5  1  =  S K 2 2 * H f X 3  (  2  ) /  3 7 7  .  
4 ( 1 6 , 6 )  = - { £ V T ( f i ) - S K 2 « e 4 ( 7 )  ) « F E X 2 (  2  ) /  3 7 7  .  
4 ( 1 7 , 6 )  = - ( S V T ( e i - S K 2 * 0 4 ( 7 ) ) * G E X 3 ( 2 ) / 3 7 7 .  
4 ( 1 6 , 7 )  = - ( S V T ( 1 2 ) - S K 2 * B 4 ( l l ) ) « B E X 2 ( 2 ) / 3 7 7 .  
A (  1 7 , 7 )  = - ( S V T ( 1 2 ) - S K 2 * E 4 ( l l ) ) * P E X 3 ( 2  ) / 3 7 7  .  
A ( 1 6 , B )  = - ( S V T ( ] C ) - S K l * B 4 ( S ) ) * 0 E X 2 ( 2 ) / 3  7 7 .  
4 ( 1 7 , 8 )  = - ( S V T ( 1 0 ) - S K l * E 4 ( q ) ) « E E X 3 ( 2 ) / 3 7 7 .  
A {  1 6 ,  I C )  = - ( S V T (  1 6 ) - S K 2 < = B 4  ( 1 5 )  ) * B E X 2  ( 2  1 / 3 7 0 .  
4 ( 1 7 , 1 0 )  = - ( S V T ( 1 6 ) - S K 2 * 8 4 (  I 5 J ) * B E X 3 ( 2 ) / 3 7 C .  
4 ( 5 , ? C )  =  F ( 1 ) / ( 2 . * 4 H E ( 1 ) )  
4 ( 5 , 2 1 )  =  ( l . - F ( ! ) ) / ( 2 . * A H E ( l ) * 7 P 5 ( i ) )  
4 ( 1 1 , 2 3 )  =  F ( 2 ) / ( ? . * A H E  ( 2  )  )  
A  ( 1 1 , 2 4 ) .  =  ( l . - F ( 2 ) ) / ( 2 . * 4 F E ( 2 ) * T P 5 ( 2 ) )  
C  
C  E L F N E M S  C F  T H F  4 - K 4 T R I X  C U E  T C  
C  N E C H A M C A L  S Y S T E M S  
C  
C  
4 ( 1 6 , 5 )  =  B K 1 ( 1 ) / ( 3 7 7 . * 2 . * 3 . 1 4 1 5 )  
4 ( I B ,  1 8 )  =  - 1 . / {  3 7 7  . * T M 1 (  1 )  )  
4 ( 1 9 , 5 )  = - H K l ( l ) * T P 2 ( l ) / ( T P l ( l ) * 3 7 7 . * 2 . * 3 . 1 4  1 5 )  
4 {  1 9 , 1 8 )  =  - T E O (  1  ) / 3 7 7 .  
4 ( 1 9 , 1 9 )  =  - 1 . /  ( T P 3  (  1  ) * 3 7 7 . )  
A ( 2 C , I C )  =  I . / 3 7 7 .  
4 ( 2 0 , 2 0 )  =  - l . / ( T M 4 ( 1 ) « 3 7 7 . )  
4 ( 2 1 , 2 0  =  1 . / 3 7 7 .  
A ( 2 1 , 2 1 )  =  - l . / ( 7 V 5 ( 1 ) * 3 7 7 . I  
4 ( 2 2 , 1 1 )  =  B K 1 ( 2 ) / ( 3 7 7 . * 2 . * 3 . 1 4 1 5 1  
4 ( 2 2 , 2 2 )  =  - 1 . / ( T K l ( 2 ) * 3 7 7 . )  
11» =-nRi(2)vTrf(2i/iîrii2)*:77.*2.*3.i4i^i 
4 ( 2 3 , 2 2 )  =  - T E L ( 2 ) / 3 7 7 .  
A ( 2 3 , 2 3 )  =  - l . / ( T P 3 ( 2 1 * 3 7 7 . )  
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A  ( 2 4 , 2  i l  =  I .  f i l l ,  
A ( 2 4 , 2 4 1  =  - l . / ( 7 P 5 ( 2 ) * 3 7 7 . )  
C I  
C  e i E N F M S  C F  T H E  f - P f T R l X  C U t  T C  
C  1 - A T  T H E  N E A R  E N C  S T A B I L I Z T N C  S I G N A L  A N C  
C  T R A N S F E R  F L N C T I L N  U F  T F R F E  T I P E  C C N S T A N T S  
C  
A ( l i , 5 )  =  { b E X 2 (  1 ) * T 1 1 * T 1 1 1 * G  l T / ( T 2 2 * T 2 2 2 « 3 7 7 . )  
A ( 1 4 , 5 )  =  ( P E X 3 {  1  ) * T  1  l * T I i 1 * G T  ) / { T 2 2 * T 2 2 2 « 2 7 7 . )  
A ( 1 3 , 2 5 )  =  ( B E % 2 ( 1 ) * T 1 1 * T 1 1 1 * G E ) / ( T 2 2 * T 2 2 2 * 3 7 7 . )  
A ( 1 4 , 2 5 )  =  ( H F X 3 ( 1 ) * T 1 1 4 T 1 1 1 4 G E ) / ( T 2 2 * T 2 2 2 4 3 7 7 . )  
A ( 1 3 , 2 6  1  =  ( E F X 2 ( l ) f T l 1 1 4 ( 1  -  T 1 1 / 1 2 2 ) ) / ( 1 2 2 2 * 3 7  7 . I  
A ( 1 4 , 2 f l  =  ( B F > 3 (  1 ) « T 1 1 1 * (  1  -  I 1 1 / T 2 2 )  ) / ( T 2 2 ? * 3 7 7 . )  
A ( 1 3 , 2 7 )  -  P E X 2 ( 1 ) 4 ( 1  -  T  1 1  1 / T  2  2 2  ) /  3  7 7  .  
A ( 1 4 , 2 7 )  =  H F X 3 ( 1 ) * ( 1  -  T 1 1 1 / T 2 2 2  ) / 3  7 7  .  
A ( 2 5 , 5 )  -  1 / ( 1 2 * 3 7  7 . )  
A ( 2 5 , 2 5 )  =  - 1 / ( T 2 * 3 7 7 . )  
A ( 2 6 , 5 )  =  G T / ( T 2 2 * 3  7  7 . )  
A ( 2 6 , 2 5 )  =  G E / ( T 2 2 « 3 7 7 . )  
A ( 2 ^ , 2 6 )  =  - 1 / ( 7 2 2 * 3 7 7 . )  
A ( 2 7 , 5 )  =  T 1 1 * G T / ( T 2 2 * T 2 2 2 » 3  7  7 . )  
A ( 2 7 , 2 5 )  =  T l l * G t / ( T 2 2 * T 2 2 2 * 2 7 ( . )  
A ( 2 7 , 2 6 )  =  ( 1  -  T 1 1 / T 2 2 ) / ( 7 2 2 2 * 3 7 7 . )  
A ( 2 7 , 2 7 )  =  - 1 / ( 7 2 2 2 * 3 7 7 . )  
A (  1 6 , 1 1 ) =  ( e E X 2 ( 2 ) * T l l * T l l l * C T ) / ( T 2 2 * T 2 2 2 *  3 7 7 . )  
A ( 1 7 , 1 1 ) =  ( K E X 3 ( 2 ) * T 1 1 * T 1 1 1 * G T ) / ( T 2 2 * T 2 2 2 * 3 7 7 . )  
A ( 1 6 , 2 P )  =  (  e E X 2 ( 2  )  * T 1 1 * T 1  1  1 * G E  ) / (  T 2 2 * T 2 2 2 * , i 7 7 .  )  
A ( 1 7 , 2 8 )  =  ( R F X 3 ( 2  ) * T 1 1 * T 1 1 1 * G E ) / ( T 2 2 * T  2 2 2 *  3 7 7  . )  
A ( 1 6 , 2 9 )  =  ( % F X 2 ( 2 ) * T 1 1 1 * ( 1  -  T 1 1 / T 2 2 ) ) / ( 7 2 2 2 * 3 7 7 . )  
A ( 1 7 , 2 9 )  =  ( H E X 3 ( 2 ) * 7 1 1 1 * ( 1  -  7 1 1 / 7 2 2 ) ) / ( 7  2 2 2 * 3 7 7 . )  
& ( 1 6 , 3 C )  =  R E X 2 ( 2 ) * ( l  -  7 1  1 1 / 7 2 2 2  ) / 3 7 7  .  
A ( 1 7 , 3 0 )  =  H E X 3 ( 2 ) * ( 1  -  7 1 1 1 / 7 2 2 2 ) / 3 7 7 .  
A ( 2 8 , l l ) =  1 / ( 7 2 * 3 7 7  . )  
A ( 2 S , 2 f i )  =  - 1 / ( 7 2 * 3 7  7 . )  
A ( 2 9 ,  1 1 ) =  C T / (  7 2 2 * 3  7 7  . I  
A ( 2 Ç , 2 H )  =  C E / ( 7 2 2 * 3 7 7 . i  
A ( 2 9 , 2 S )  =  -  l / (  1 2 2 * 3 7 7 . )  
A ( 3 G ,  1 1  ) =  7 l l * G 7 / (  7  2 2 * 7  2  2 2 *  3 7  1  . )  
A ( 3 C , 2 S )  =  7 1 1 * G E / ( 7 2 2 * 7 2 2 2 * 3 7 7 . )  
A ( 3 0 , 2 S )  =  (  1  -  7  1  1  / 7 2 2 ) / (  7  2 2 2 * 3  7 7 . )  
4 ( 3 0 , 3 0 )  =  - 1 / ( 7 2 2 2 * 3 7 7 . )  
C2 
W P 1 T F ( 3 , 9 C ? )  •  
q C 2  F C P V A 7  ( • C  , 1 5 X , ' 7 F E  S I G N A L  L S E C  I N  7 F E  G E N  
U R A L  F U R w  I S  ,  
1 / / , 1 ^ X , ' V S 1  =  S K l * V i a  +  S K 1 1 * ' W 2  +  G l * k l  +  G F 1 * > 2 7 ' ,  
1 / / , 1 6 > , * V S 2  =  S K 2 * V 5  f  S K 2 2 * W l  +  C 2 * W 2  +  G E 2 * X 2 8 « ,  
l//12X,'bKl',CSX,'iK2«,0SX,'SMl',CcX,'bK/^« , 
1  1 0 X , ' G 2 '  , 1 0 X ,  
1  « C E  l ' , C 9 X , • G E 2 « / )  
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k P l  T E  ( 3  , 9 0 3  )  S ! < 1 , S K 2 , S K 1 1 , S K 2 2 , G 1 , G 2 , G E 1 , G E 2  
9 C 3  F C R M A T ( ' C ' , C 5 X , 8 F 1 2 . 6 / )  
7 4  k P I T F ( 1 2 ) N A P C n , ( ( A ( I , J ) , J = l , l C ) , i = i , j C )  
hAPCC = 3C 
STOP 




C  T U S  P R O G R A M  I S  L S F D  F C R  C  A  L C  L  L  A  T  I  N G  
C  Y ( I N V )  Y ( I N V ) X  Y ( I N V ) K  
C ******** 
C  W F E R E : _  
C  Y = T'Y{N)T 
C  K  =  T ' Y (NII + J  
C  
C  T H E N  T H E  R E L f T I C N  Ë E T w E E N  T E E  V C L T 4 C E  / 5 N C  1  I S  G I V E N  R Y  
C  V  =  V (  I N i V  )  I  -  V (  I N V ) K l )  
C  V  =  Y  (  I N V  ) X C  -  Y (  I N V  ) K C  
C  
C  C  =  K  P  =  I  R ^ J  
C  
C  
S U B R O U T I N E  S H E R B  
C C V F L E X  Y E X T { ? I , Z E X T ( 2 )  
ni P E N S I O N  T ( 1 6 ) , P (e),B(e ) , Z ; 2 4 l , R ( 1 6 ),GAtA ( 2 0 ) , V C ( 2 0 ) ,  
1 Y M 1 6 ) , A I ( 4 4 I , S V T ( 1 6 ) , B 4 ( 1 6 I , P H Q ( 2 I , V T ( 2 C ) , P H D ( 2 ) ,  
C l f E N S I C N  Y M 1 6 ) , C { a ) , Y V I N V ( 1 6 J , Y y i N V K ( 8 ) , R I ( l f c ) »  
1 M { 4  ) ,  > Y  I N V (  2 4 )  , R 3 (  2 4 )  , B 1 (  2 4 )  t C V K  3 2 )  , C V 2 ( 8 )  , V G C  ( 2 0 )  ,  
l P E X T { 2 ) t X E X T  ( 2 ) , e 2 ( 1 2 ) , E 2 { 4 ) , C V ( E ) , C I ( e ) f B P l (  1 2 )  
D I N E N S I C N  V C ( 2 C ) , A t [ ( 2 ) , L ( 4 ) , V [ C ( 2 0 ) , B P 2 ( 1 2 ) , A f G < 2 ) ,  
1 R 2  ( 1 6  )  
C C N f C N  Y t X T . Z E X T  
C C K M H N  T , P , H , Z , P , G A y A » V 0 , V C , Y N , A l , S V T ,e4 , V T  , P H C ,  
1ff&.AWC 
C A l L  G T P R D ( T , Y K , P 1  , 4 , 4 , 4 )  
C A I L  C f ' P R D ( R l ,  T , Y M , 4 , 4 , 4 )  
k P I T E ( 3 , 3 0 G )  
2 C C  F O P M A K  •  1  •  ,  1 5 X , « C A L C L L A T I N G  
l'Y(w) = TTY(N)TV) 
2 C C  F C ; K f A T ( l C X , e F 1 2 . 4 / )  
r t R  1 T E (  2 , 2 G C )  Y y ( l ) , Y M ( 5 ) , Y y ( 9 ) , Y M ( 1 3 )  
k P I T E ( 3 , 2 Q C )  Y M 2  )  , Y M ( 6  ) ,  Y M  (  I C  ) ,  Y M (  1 4  )  
k P [ T r ( l , 2 C C )  Y f ( 3 ) , Y f ( 7 ) , Y f ( l l ) , Y N ( 1 5 )  
W R  l i t  (  : - ,  2 C C  )  Y M (  A  ) ,  Y M (  g  J ,  Y M (  1 2 )  ,  Y N {  1 6 )  
C A l l  C N P R C  I P l  , F , P ?  , 4  , 4  , 2  )  
4 C C  F O R M A T  ( 2 C X , 2 F 1 2 . 4 / )  
W R I T E ( 3 , 3 0 1 )  
I C I  F G R V ^ T C  C »  , 1 5 X , ' C A L C U L A T I N G  T H E  V A L U E  C F : ' / / 2 1 X ,  
l ' T T Y l N ) ! = • / )  
VsPI TE (3 ,4C0 ) R2(l),R2(5) 
W R I T E (  ) , 4 C C )  R 2 ( 2 )  , R 2 ( 6 )  
XR1TE(3,4GC) R2(3),R2(7) 
k R I T E ( 1 , 4 G C )  P ? ( 4 ) , R 2 { 8 )  
C A L L  C y A n O ( R 2 , % , C , 4 , 2 )  
V.P1TF (3 ,302) 
hLKCA I ( •0 • «IbX , •LALCULAl ING T h t  VALUE LF:'//^1X, 
1 * K  ^  T T Y ( N ) I  •  J ' / )  
i n f f r r i i  / .  r \  r \  \  r  i  ^  \  r  i  r  \  
T H E  V A L L E  CF:'//21X, 
L' - MYI M ' J 
V P I T E  ( 3 , 4 0 0  ) C ( 1 ) , C ( 5 )  
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wur B ( 3,4CC )[(/),[( 6) 
k F i r r ( 1 , 4 C C ) [ ( 3 ) , C ( 7 )  
I s W  I T t  (  i , 4 C C  ) C ( 4 )  , C (  8 )  
N  =  4  
C A L L  L M N V (  Y N , N , N , C , L , N )  
VsR 1 TF ( i, 3C3 ) 
3 C 3  F C k w A T ( ' U ' , 1 5 X , ' C A L C U L A T  I N C  T H E  V A L U E  C f : « / / 2 1 X ,  
1 ' Y ( y ) I N V t K S t ' / )  
U P  I T F  {  Î  ,  2 C C  ) Y M  (  I  )  ,  V y  (  5  I  ,  Y M (  < ;  )  ,  V y (  1 3  )  
k H I T L ( 3 , 2 C C ) Y M ( ? ) , Y P ( 6 ) , Y M ( l C ) , Y P ( 1 4 )  
* R I T L ( 3 , 2 C C ) Y M ( 3 ) , Y P ( 7 ) , Y M ( 1 1 ) , Y P ( 1 5 )  
W W I T F ( 3 , 2 0 C ) Y M ( 4 ) , Y P ( 8 ) , Y y (  1 2  )  , Y M (  1 6 )  
C A L L  G N P W J  (  Y N , C » Y M N V K  , 4 , 4 , 2 )  
W H  I T h (  3 , ? Q 4  )  
3 0 4  F C P y A T ( ' U ' , l b X , « C A L C U L A T I N G  T H E  V A L U E  0 F : ' / / 2 1 X ,  
1  •  Y  (  I  N  V  )  K  •  /  )  
W R  I T E  ( 3 , 4 C C ) Y M  I N V K  (  1  ) ,  Y N .  I \ V K (  5  )  
k K I T F ( i , 4 C C ) Y P I h t K ( 2 ) , Y P I N V k ( 6 )  
• r t f J  I T i M  3 , 4 C C ) Y M 1 N V K (  2 )  , Y M N V K {  7 )  
k P I T E  ( 3 , 4 0 0  ) Y M N V K ( 4  ) , Y N 1 N V K  (  E  I  
C A L L  G N P P 0 ( Y N , 7 , X Y I N V , 4 , 4 , 6 )  
W R I T E  ( 3 , 3 0  5 )  
3 C 5  F C f - N A T C  I '  , 1 5 X , ' C A L C U L A T  I N C  T H E  V A L U E  C F : ' / / 2 1 X ,  
1  •  Y  (  I N  V  )  X  •  /  )  
« s e e  F C C * A T ( L 0 X , 6 F q . 4 / )  
V s P I T f - : ( 3 , 5 C C )  X Y I N V ( 1 I , X Y I N V ( 5 ) , X Y I N V ( 9 ) , X Y ! N V ( 1 3 ) ,  
I X Y  I N V (  1 7 ) , X Y I N V ( 2 1 )  
V v P I  T F  ( 3  , 5 0 0  )  X Y  I N V  ( 2  ) , X Y  I N V  ( 6  ) , X Y  I N V (  1 0 ) ,  X Y  I N V (  1 4  )  
I X Y I M V (  1 6 )  , X Y I N V ( 2 2 )  
W R I T E  ( 3 , 5 ( : C  )  X Y  I N V (  3  ) , X Y  I N V (  7  )  , X Y I N V (  1  1  )  ,  X Y I N V  (  1 5 )  
i X Y I N V f i q ) , X Y I N V ( 2 3 )  
W R I T E ( 3 , 5 C C )  X Y I N V ( 4 ) , X Y I N V ( 8 ) , X Y 1 N V ( 1 2 ) , X Y I N V ( 1 6 )  
1 X Y I N V ( 2 0 ) , X Y 1 N V ( 2 4 )  
C A L L  G N P R I M F , Z , R 3 , 4 , 4 , 6 )  
W R I T E  (  3 ,  3 C 7  )  
3 C 7  F C R y A T C C  , 1 5 X , «  C A L C U L A T I N G  T F E  V A L U E  C F : ' / / 2 1 X ,  
l ' R 3  =  R Z ' / )  
C C  1 0 7  1 = 1 , 4  
I C 7  k P I T F ( 3 , q C 7 )  R 3 ( l ) ,  R 3 { I + 4 ) ,  P 3 ( I + 8 ) ,  P 3 ( I + 1 2 ) ,  
1 H 3 (  1  +  1 6  ) ,  R 3 (  I + 2 C )  
H C 7  F C P y A T ( ' C ' , 1 0 X , f F S . 6 / )  
C A L L  C N A i )n ( X Y I N V , R . 3 ,e i , 4 , 6 )  
W R  I T F  {  3 ,  3 C P  )  
3 C c  r C R P A I ( ' C ' , 1 5 X , ' C A L C U L A T  I N C  T H E  V A L U E  C F : ' / / 2 1 X ,  
1 M U =  X Y I N V  +  R Z ' / )  
C r  l O B  1 = 1 , 4  
ice  k R I T E ( 3 , 8 C P )  B l ( I ) ,  H I ( 1 + 4 ) ,  P I ( 1 + 8 ) ,  H I ( 1 + 1 2 ) ,  
I h  u  l i  I t  ) ,  t t  l i  i  +  / C )  
« 0 8  F C f i f ' ^ T  C O '  , 1 C X , 6 F 1 1  . 6 / )  
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C  T H F  S T A T E  S P A C E  E C L A T î C h S  
C  F O R  T h E  D I R E C T  A N D  Q A D R A T L R E  A X I S  C F  B C T H  N A C H I h E S  
C  
C  
C O  5 2  1 = 1 , 4 4  
5 ?  A l ( I )  =  0 . 0  
D C  5  3  1 = 1 , 2 4  
53 Aid) = ei( n 
f l ( 2 )  =  E l ( 2 )  - 1 . 0  
A  1 ( 9 )  =  3 1 ( 9 )  +  l . C  
f l ( 1 6 )  =  E l ( 1 6 )  -  1 . 0  
A l ( 2 1 )  =  m ( 2  S )  +  l . O  
C O  5 4  1 = 2 9 , 3 6  
5 4  A l (  I  )  = - Y P f N V K (  1 - 2 8 )  
A  1 ( 3 7 )  =  P H C ( l ) /  3  7  7 .  
A l ( 3 d )  =  - P F [ ( 1 1 / 3 7 7 .  
A l ( 4  3 )  =  P h C ( 2 ) / 3 7 7 .  
A l ( 4 4 )  =  - P H O ( 2 ) / 3 7 7 .  
W P  I T E  (  î ,  3 0 9  )  
3 C 9  F C f < f A r ( ' 1 '  , 1 5 X , ' C A L C U L A T  I N G  T F E  V A L U E  C F  C l *  ,  C l *  ,  
I C I * ,  0 2 * ,  ' / , 2 1 X , ' A 1 ' ,  
l / / G 8 X , ' P H C i ' , 0 7 X , ' P F F l ' , G 7 X , ' P H 0 i ' , C 7 * , ' P F C 2 ' , C 7 X ,  
l ' P H K 1 2 ' ,  
1 0 6 X , ' P F C 2 ' C 7 X , ' P F F 2 ' , C 7 X , ' D E L T l ' C 6 X , ' D E L T 2 ' , C 6 X , ' k l ' ,  
iyx,'w2',/) 
C O  I C 9  [ = 1 , 4  
i c q  W R I T E  ( 3 , 8 0 9 )  A U I ) ,  A l ( I  +  4 ) ,  A  1 ( 1  +  6 ) ,  A  1 ( 1 + 1 2 ) ,  
l A K  1  +  1 6 )  ,  
l A  1 ( 1  +  2 0 ) ,  A  1 ( 1  +  2 4 ) ,  A l ( I  +  2 f ) ,  A  1 ( 1  +  3 2 ) ,  A l  ( 1  +  3 6 ) ,  
1  A l ( 1 + 4 0 )  
8 C 9  F r R ^ A T ( ' C ' , C 2 X , 1 1 F 1 1 . 6 / )  
C  
C  T H E  R E L A I I C N  G F T k F E k  V I ,  V 2 C ,  A N C  S T A T E  V A P A I P L E  
C  
C  
C C  6 4  1 = 1 , 2 4  
E 4  C V K  I  )  =  X V I N V (  I  )  
C C  8 5  1 = 2 5 , 3 2  
F 5  C V K  I  )  =  - Y M N V K (  1 - 2 4 )  
C O  R 6  1 = 1 , P  
C V 2 ( I )  = 0 . 0  
C V 2 (  1 )  =  V D (  1 ) / V T ( 1 )  
C V 2 { 3 )  =  V Q (  1  ) / V T (  1 )  
C V 2 ( 6 )  =  V C ( 2 ) / V T ( 2 )  
Ç 6  C V 2 ( W )  =  V 0 ( 2 ) / V T { ? )  
C A L L  C y p R C ( C V 2 , C V l , S V T , 2 , 4 , P )  
v >  K  1  i c i  i ,  0  7  »  
5 7  F n R M A T ( ' 0 ' , 1 5 X , ' C A L C U L A T I N G  T H E  P E L A T I C N  H E T h E l N V  V T ,  
l S T A T E  V A P ' ,  
I <-! o O O (-1 O o 
INJ 
i-
o -o o o o 
m Z". D T> t» 
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